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THE 


PHYSICAL REVIEW. 


THE ABSORPTION COEFFICIENTS OF SOFT X-RAYS. 
By C. D. MILLER. 


HIS study was undertaken at the suggestion of Mr. Millikan, the 

development of the hot cathode having made it possible to use the 

high potential storage batteries with which the laboratory is equipped, 

for the production of X-rays. I have had the advantage of his advice 
and suggestions throughout. 

The tube used was made in the laboratory, according to the diagram, 

Fig. 1. The cathode C consists of a flat spiral of 18 mil tungsten wire, 
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in the end of a piece of copper tubing of about I cm. diameter. This 

was modelled after the cathode in a Coolidge tube, of the non-focusing 

type. The cathode is held in place by the leads which carry the heating 

current, and these are held by a framework of brass, and by the tube 

itself. The part of the leads which is sealed in the glass is of 37 mil 

platinum wire. The heating current ranged from 8 to 8.5 amperes, and 
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could be made as much as 10 amperes, without overheating the platinum 
leads. In order to keep the leads cool with these currents, they were 
provided with radiators, R, consisting of two strips of sheet aluminum 
clamped to them just outside the tube. 

The anode and target is of iron, machined as shown to increase the 
radiating surface, although in the high vacuum this could not make much 
difference. As a matter of fact, with the currents it was found possible 
to put through the tube, no heating of the anode could be detected. The 
face of the anode is cut at 45 deg. to the axis, and the anode itself is set 
in such a way that a chamber to the rear, indicated by the light circle, and 
the window, W, above, were in equally favorable positions. This 
chamber was patterned after one used by Dember.! The purpose of 
this was to study X-rays of such low penetrating power that no ap- 
preciable quantity of them could get through the aluminum window. 
No report will be made here of work done with it. 

As the object of the experiment was to study the nature of X-rays 
produced at low potentials, it was necessary to make the window W 
through which the rays escaped, as thin and as large as possible. It 
consisted of aluminum leaf, which was supported on a piece of fine wire 
gauze stretched over the neck of the tube. A supply of aluminum leaf 
which had not been beaten to the usual thinness was obtained from a 
local metal beater, and after careful scrutiny through the microscope of 
about a hundred pieces, three were found which had a sufficient area 
free from holes. The piece used had a mass per sq. cm. of .001823 g., 
hence a thickness of .000675 cm. The gauze used was obtained from the 
W.S. Tyler Co., Chicago, and was of plain woven phosphor bronze wire, 
180 meshes to the inch, and 42 per cent. open area. The gauze was 
folded over the neck of the tube and held by wrapping copper wire around, 
and also by a ring of glass above, which was held to the gauze and to the 
tube by De Khotinsky cement. The aluminum leaf was cut to fit inside 
this glass ring, and laid carefully in place. When the suction pump was 
started, the window held well enough to enable the pump to draw it 
down to approximately its final form, and the edges of the leaf were then 
well cemented to the glass ring. The window gave me no trouble at all 
from leaks. Its area was about 6.2 sq.cm. As the gauze made only 42 
per cent. of this effective, the effective area of the window was about 
2.6 sq. cm. 

The tube was permanently connected to the exhaust pump. This 
was a Toepler mercury pump, as modified by Millikan and Winchester,? 


1H. Dember, Ver. d. D. Phys. Ges., 1913, p. 560. 
2R. A. Millikan and George Winchester, Phil. Mag., August, 1907. 
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operated mechanically. It made about 20 strokes per hour, and could 
be left running for an indefinite period without attention. It was kept 
running when the tube was in use. The pressure within the tube varied 
widely, ranging from 10~* to 10° mm. of mercury, exclusive of mercury 
vapor, but this had no apparent effect on the behavior of the tube. 

The X-rays emerging from the window were detected and measured 
by means of an ordinary gold-leaf electroscope, the chamber of which 
served also as ionization chamber. This chamber was composed of 
heavy brass, and was 10 X 10 X 10cm. The hole in the bottom of the 
electroscope through which the X-rays entered was covered with alu- 
minum leaf of .o00182 g. per sq. cm., which is about 0.1 the thickness 
of the window in the tube. This leaf was stuck to wires stretched across 
the opening, which reduced the effective area of the window by about 
10 per cent., hence the final effective area through which X-rays could 
enter the electroscope was about 2.2 sq. cm., and the total thickness of 
aluminum through which they had to pass was .002005 g. per sq. cm. or 
.00074 cm. No special gas was used in the chamber. The potential of 
the electroscope was 350 and 300 volts when the leaf was at the upper 
and lower ends, respectively, of the scale in the observing microscope, 
and the position of the electroscope and of the microscope remained 
unaltered during the course of the experiments. 

A small platform was fixed on a level with the top of the window, and 
the electroscope was raised about a centimeter above this (see Fig. 1), 
so that a holder containing the sheets of absorbing material could be 
inserted. 

The electroscope was charged by means of batteries, the charging 
current having to pass through a resistance of xylol and alcohol which 
was such that the charging would occur at a convenient rate. The 
charge on the electroscope could be allowed to leak slowly away through 
another xylol and alcohol resistance. By means of this charging arrange- 
ment the leaf of the electroscope could be brought very quickly to the 
exact place desired. 

The cathode current was usually about 1.5 milliamperes, but sometimes 
went as high as 5 milliamperes, and could be made as low as desired. Its 
value was of course determined chiefly by the temperature of the cathode, 
but even with a constant heating current and steady conditions in the 
tube as to exhaustion and P.D. applied between hot cathode and target, 
the current to the target would sometimes vary 20 per cent. in the course 
of half an hour. A further source of difficulty was the impulsive rush of 
current which would sometimes pass through the tube. A fuse of one 
mil iron wire about 20 cm. long was put in series with the high potential 













332 C. D. MILLER. [Secon 


batteries and the tube, and this fuse would sometimes burn out when the 
high potential was first applied. This would occur even when the cathode 
was cold, but it was more frequeat with a hot cathode, and in general 
the larger the current through the tube the more likelihood there was of 
its occurrence. For this reason the cathode current was generally kept 
between 1.5 and 5 milliamperes. Further, it was found better to raise 
the temperature of the cathode gradually, after the high potential was 
applied, and to shut off the heatinz current before the high potential 
was removed, for the blowout was likely to occur as well when the high 
potential was removed as when it was applied. The gas pressure, which 
was from 10 to 10> mm., certainly had no direct bearing on the likeli- 
hood of this trouble, and the occurrence itself was not accompanied by 
the evolution of a noticeable quantity of gas. ‘These blowouts are prob- 
ably due to the same cause as is the formation of bright spots in Wehnelt 
and other cathodes and have no bearing on the point investigated save 
as they necessitated the above mentioned precautions. 

The cathode current was measured by balancing it with a current from 
a dry cell through a known resistance. A galvanometei connected from 
the anode to earth served to indicate when a balance was obtained. 
This arrangement enabled me to measure currents over a wide range of 
values, very accurately, and with the dial form of resistance box, the 
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adjustment could be made very quickly. To protect the instruments 
when the blowouts described above occurred, the anode was connected 
directly to earth except for the brief time necessary to measure the 
current. A special three-point key (see Fig. 2) was used to change the 
connections, so that a single motion served to connect or to disconnect 
the current measuring arrangement. 

The potential used was measured by means of a Braun electrostatic 
voltmeter, which was carefully calibrated. The potential could be kept 
very accurately constant by using such values that the hand of the in- 
strument was directly over one of the scale marks. This was very essen- 
tial, because both the penetrating power and the quantity of the X-rays 
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generated increase very rapidly with the potential. As the smallest unit 
of the storage batteries gives 170 volts, instead of earthing one end of 
the batteries, it was connected to the slide of a potentiometer, an ordinary 
single tube slide-wire resistance of 1,840 ohms, to the two ends of which 
was connected the 220-volt university power circuit, making them 
+110 and — 110 volts respectively with regard to the earth. With 
this arrangement it was possible to adjust the potential to within 10 or 
20 volts, in a total of from 2,500 to 10,000. 

The sheets of material used for absorbing the X-rays were of gelatin, 
celluloid and aluminum. The area and mass of each was carefully 
determined, and each was numbered. The gelatin and the thinner 
aluminum sheets were mounted on pieces of cardboard for convenience in 
handling. All the sheets used appeared to be very uniform. The gelatin 
sheets were the covering taken from bars of candy. Their exact nature, 
aside from their uniformity, is of no importance. These four sets of 
absorbers, namely, sheet gelatin, sheet celluloid, the thinnest obtainable, 
aluminum foil and ordinary sheet aluminum, furnished a variety which 
was well adapted to the measurement of the absorption coefficients of 
the X-rays generated at the potentials used, which ranged from 2,500 
to 10,000 volts. 

In addition to the absorbers, five diaphragms of sheet tin, having aper- 
tures of various sizes, were used to reduce the amount of radiation entering 
the electroscope, when this was necessary to reduce the rate of discharge 
of the electroscope to a measurable amount. It was found that no 
measurable amount of X-rays of the kind investigated could get through 
this sheet tin, the area of the opening in a diaphragm thus determining 
the amount it would let into the ionization chamber. 

At a given value of the potential, record was made of: (1) The resistance 
R in series with the dry cell, such that the current from the dry cell 
balanced that from the tube, (2) the time 7 taken by the electroscope 
leaf in passing over a given number of scale divisions, (3) the numbers of 
the absorbers interposed in the path of the X-rays. 

R serves only as a correction factor, to allow for variations in the 
cathode current. R/T = J, a number proportional to the ionization 
per unit cathode current. When conditions were held as nearly constant 
as possible, the value of J was still found to vary somewhat because of 
uncontrollable fluctuations within the tube, due presumably to changes 
in the region of impact of the cathode stream. To eliminate as far as 
possible the effects of these irregularities, the value of J was taken three 
times to obtain the ratio between incident and emergent radiation. It 
was taken (1) before interposing the absorber in question, (2) after inter- 
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posing the absorber, (3) after removing the absorber. The mean of the 
first and third results was taken to represent the value of the incident 
radiation. The following, taken at 5,870 volts, which was 6,000 volts 
as read on the voltmeter, shows how the observations and calculations 











were made: 

en . pprwemnnyy | Calculated. 
R | TY | A I rf) | Lol Zn+1 | Tn [Ina a/p 
sao? | 284 | 31-40 | 296) | | | | 
840° | 71.0 | 31-42 | 11.8 | 30.2 | 2.56 | 2.56 | 25.8 
860° | 28.0 | 3140 | 30.7 | | 
880° | 294 | 31-40 | 29.9 | 
870° | 176 | 31-44 | 14] | 30.9 | 6.26 | 2.45 24.6 
880° | 27.6 | | 


31-40 | 31.9 








The values of T ranged from 5 sec. to 600 sec., but whenever possible it 
was arranged to have T from 30 to 120 sec. When the thickness of ab- 
sorbing material was such that the time required for the observations 
became inconveniently long, instead of obtaining directly the value of the 
radiation incident on a given absorber, this was obtained indirectly, as 
shown above, where the value 2.45 of In/In41 is the quotient 6.26/2.56. 
Thus two observations of about 28 sec. each were substituted for two of 
about 71 sec. each. This procedure makes the value obtained for each 
ratio depend upon that of the preceding, but it effects a considerable 
saving of time, and avoids error due to changes in the action of the tube. 
I tried, in general, to have the value of these ratios not less than 2. 
The values of u/p, obtained from the equation 





for successive thicknesses of absorbing material, are given in the follow- 
ing tables. Although the mass per sq. cm., denoted by pd, which was 
found for each separate sheet of absorbing material, was used in calcu- 
lating results obtained by its use, the variations from the mean value of 
pd in a given set of absorbers can be neglected. 


TABLE I. 
Properties of the Absorbers. 
I iciaied ay 5 ick 5 sss Spee 0 catia 5) 1 aa ont eS 10 sheets, mean pd. .00259 g./cm.? 
Is 350 aha Gaia 0 ae Cra a Gieok-s ea wees bo ece some A =~ Cl i * 0181 
ae on aries fan ee are seve lie a aslacik oe Aw 2s oo arora 20C”* - ** 00741 


i ca fap, psa dg sor long esa Kd ON 10 “ a ** 0438 
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Observed Absorption Coefficients. 


TABLE II. 


THE ABSORPTION COEFFICIENTS. 





Above the first heavy line in each group, at the head of each column, is given the number 
and kind of absorbers through which the X-rays had passed, before the corresponding ab- 
sorption coefficients were obtained, and between the two heavy lines is given the number and 
kind of absorbers which gave the ratios J»/Jn, from which the absorption coefficients given 


underneath were calculated. 


—* 
























































2,500 Volts. 3,000 Volts. 
—_—_—_—— si i a i a aa etree “ . ae — - . — l eae meetin 
RR EE TER CC EEC OO OT 0 | 1 0 | 1 | = i g 4 
a Sn ata Cia Zee 1 1 1 1 
379 | 314 | 213 | 194 | 224 | 200 | 184 
374 | 301 | 226 | 220 184 | 204 
355 | 321 | | 
Mean p/p, in gel... ........20000 369 | 312*| 220 | 207 192*| 194* 
3,460 Volts. 
EO ORAM te ee TC eee 0 0 2 | 4 | 6 8 
ce aa ee ea a a 1 2 2 | 2 2 
173 | 151 | 146 125 | 123 
153 | 155 | 141 128 | 133 
161 | 132 133 | 130 
164 | 137 142 | 115 
156 | 144 144 | 128 
156 | 140 140 | 
I ME on cpu neeesbeneensoeee 163 | 157 | 140 135 | 126* 
3,930 Volts, 
a: cinientnaeunmined 1 2 3 0 3 . 3. 2 
EER Greene parr erey et 0 0 0 0 0 2 | 4 
(2 |” ERRIRCRERE RN ere sets 1 | 1 1 0 0 0 | O 
RR Sea 0 | 0 0 1 2 2 | 2 
| 81.3 | 75.9 | 69.2} 116 | 94.6| 72.8 | 79.0 
82.0 | 75.8 | 77.0 | 119 | 102 | 79.0 | 73.8 
90.0 | 86.1 | 88.8 | | 
91.9 | 81.9 | 84.9 | | 
| 84.0 | | | 
85.8 | | 
84.0 | 
IE ain rcwnrwoneennea | | 86.3 | 81.9% 80.0*| 118 | 98.3 | 75.9* | 76.4* 





in celluloid 





in gelatin 
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SERIEs. 

4,420 Volts. 
RR ce mictebadinnicasiotion 'o;1/]/2]3 1/4 ]0/]2/] 2 
Cia ccnarteriniseneves | 0 0 0; 0 | O 0 0 5 
errr errr 1 1 : 7S | 1 0 0 0 
IN cccn hc skin riniae hd cis wists 0 0 0 0 0 1 5 5 





| 79.9 | 63.2 | 61.5 | 56.5 | 51.8 75.0) 56.5 | 59.0 
| 80.0 | 66.7 | 60.8 54.7 55.4 | 105 56.9 | 53.7 










































































| 65.4 59.4) 
| 64.5 | 61.8 | 
65.2 | 63.2 
EE ee ee 80.0 | 65.0 | 61.2* 61.3*| 58.3* 90.0| 56.7*| 56.4* 
_ - a in celluloid _ | in gelatin 
4,880 Volts. 
Celluloid. ...... o{/1|2f]3]4]s5}6]{7!{s8 | 9 
Celluloid. ...... 228 |S fy 1 | 1 1 | 1 1 1 
69.0 | 54.8 | 49.7 | 44.7 | 45.7 | 42.4 | 41.3 | 40.9 | 41.6 | 40.6 
70.5 | 53.6 | 50.9 | 46.0 | 43.6 | 43.2 | 45.0 | 44.4 | 
| 49.9 | 40.3 | | 
| 51.3 | 45.2 | | | 
Mean p/p, in cel- | | 
es aciniihd 69.8 | 54.2 | 50.3"| 45.4 | 47.6 | 42.8 43.2*, 42.6*) 41.6*| 40.6* 
4,880 Volts. 
pic eee si 
IIE. 0s sennsesesennssss /o | 4 | 4 | 5 lanthino...| 1 | 2 
eee | @ | @ i 6 1 6.3 
hia idetiiakeene nis |} 1 | 5 5 5 Al,thin1...| 1 1 
| 78.2 | 38.2 | 41.7 | 363 | 351 | 287 | 260 
| 93.2 | | | 350 | 284 | 266 
6 cis ih ee ehusinninsis | 85.7 | 38.2*, 41.7*, 36.3*| 350 | 286 | 263 
in gelatin | _in Al 
5,870 Volts. 
Celluloid. ...... 0 1 2 3 | 4 5 6 7 8 9 
Celluloid....... 1 1 1 | 1 1 1 1 1 1 1 





34.1 | 409 | 35.8 | 33.8 | 2.3 | 29.3 | 259 | 262) 276 | 25.1 

55.1 | 39.1 | 36.6 | 32.0 | 30.9 | 29.3 | 27.9 | 25.5 | 24.0| 26.1 

Mean u/p in cel- 
Peer 54.6 | 40.0 | 36.2 | 32.9 | 30.1 | 29.3 | 26.9 | 25.8*| 25.8*| 25.6* 


5,870 Volts. 











SE PR ee 6 | 8 | 10 | 12 | 14 | 10 








_.., Se eRe eee eee x | 2 2 2 2 4 
29.8 | 26.0 | 25.4 | 24.6 | 24.2 | 26.5 


25.8 | 24.0 | 23.0 25.7 
25.4 25.8 24.6 
26.4 26.8 
25.5 
26.0* 25.8* 24.8* 24.8* 26.1* 








Mean u/p in celluloid ee ee ee er 29.8 
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5,870 Volts. 
WE iis, | of} 41 2 3 4 5 6 | 0 4 5 
oe - S } 1} 1 Bea 1 1 | 0 0 0 
Gitte. ..s2sss) © 0 | Oo 0] 0 0 0 | 1 10 10 





| 266 | 203 | 186 166 | 163 | 138 154 | 56.0 27.6 | 25.0 
| 266 | 203 | 184 | 168 | 161 | 149 153 | 62.5 | 25.0 | 25.4 
| | 71.9 | 27.0 | 24.9 
| | 27.4 | 24.4 
| 








Mean p/p......- | 266 | 203 | 185 | 167 | 162 | 144* 154*| 63.5 26.8%, 24.9* 
in Al | in gelatin 





6,780 Volts. 


Al,thin...0/1/2/3/4] 5 | 6/7 | 8 9 | 0! 0 








Al, thin...| 1 | 1 1 1 1 1 1 1 1 1  ((gel.1)| (cel. 1) 
| 210 | 157 | 137 | 121 116) 97.6) 101 | 96.0 | 102 | 97.6 | 39.4 | 43.6 
110 | 96.3 | 49.4 43.9 


212/156 140 120/117 103 | 105 | 

| | 105 | 107 | | 

Mean p/p..| 212 | 155 137 | 120 | 115 | 103* | 103*| 95.2*| 106*| 97.0* 44.4 | 43.8 
a J ee 


215 153 135 119 111 108 | 100 | 94.5 | 
| 





\~—— 





| ae _ in Al - | gel, cel, 
7,700 Volts. 

— — yo . 

Celluloid ....... 0 2 4 | 6 8 10 | 12 | 14 | 16 | 18 

Celluoid ........ 2 2 2 2 2 2 2}; 21] 2 2 





33.7 23.0 18.2 | 16.9 | 16.2 | 14.6 | 13.5 13.0 | 13.1 | 12.6 
19.2 17.3 | 16.0 13.2 | 13.4 | 11.6 | 13.4 | 11.3 





Mean y/p, in cel- 
er 33.7 | 23.0 | 18.7 | 17.1 | 16.1 | 13.9 | 13.4 12.3*| 13.2* 12.0* 


7,700 Volts. 





pore 0/1] 2 | 3 | 4 5 6 | 7 | 8 9 

















, ae 1 1 1 pe 1 1 1 1 1 
NS ee | 181 | 129 | 110 | 98.0 | 89.0 | 81.1 82.5 | 78.3 | 74.1 69.6 
7,700 Volts. 

Al, thick.........0... reTetray a | o/1f]14f{o0/]41 
er 2 4 6 | 0 3 3 0 3 
OS errr 0 0 0 0 | 0 0 4 0 0 
rere 2 a oe z2 i 0 0 0 0 0 
ee 0 0 0 0} 1 4 4 0 0 
See 0 0 0 0 | O 0 0 1 10 





72.0 | 72.8 | 71.5 | 73.3 | 37.7 | 12.7 | 11.5 | 394 11.9 
71.6 | 70.7 71.2 | 37.5 12.0) 12.1 | 42.8 11.3 





| 72.3 | 75.7 | 65.2 | 10.8 
| 73.0 | 71.0 | | 11.3 
Mean p/p...........-- 72.0*, 72.4*| 72.2* 69.9%, 37.6 12.4% 11.8") 41.1. 11.4* 





_— ¥ 


_in Al in cell’d — _ in gel. 
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SERIES, 
8,860 Volts. 
Aithin......... 0 | 1 | 2/3 |/4/5 | 61718 | 9 
Al, thin........ 2. £2. 2. 7 8 1 1 | 1 
wip in Al.......| 154 | 103 | 88.6 | 77.8 | 70.9 | 52.6 | 60.7 | 58.0 54.8 | 51.7 
8,860 Volts. 
chs ctdaenrnsnicnsixiaic } 2} 2]2/ 2 0 0 
TPIT I! aE 2 4 6 0 0 
SSE a aaa | 2 2 | 2 | 2 (|(1, cell’d)! (1, gel.) 
48.0 48.1 | 47.1| 47.4) 34.4 36.0 
47.4 | 47.0| 46.8 | 43.9| 33.8 | 39.3 
49.0 | 46.8 | 47.7 | | 
| 46.8 | 49.8 | | 
Sy Tere | 48.1*, 47.2*| 47.8*| 45.6%) 34.1 37.6 
“— “~~ yo 
| in Al | _cell’d | gel. a 
9,970 Volts. 
ia i | ae | i me aaa | : | ; 
Ab ila... ...... lol1l2f{/3l4a4tfssle6jf{z721{s81|o9 
A tiln........ 1 . ts 1 | 1/1 1 | 1 
u/win Al.......| 136 | 91.5 | 80.3 | 66.5 | 60.4 53.5 | 51.3 | 57.1 | 47.6 | 42.4 
9,970 Volts. 
Al, thick..........0.+-.000 l1l/l2is3fa4ts3i1o01]3 1 o 
DE na Cinwbannsecewese rteiteftt 0 | 0 0 0 
rare merece 0 | O | 0 | 0 10 1 0 0 
ER emery er 0 | O 0 0 o | 0 10 1 
46.8 | 38.8 | 33.7 | 34.8 | 5.95 | 30.9 | 6.40 31.5 
45.6 | 38.8 | 34.2) 34.9 | 6.11 | 29.0| 4.38 29.0 
| | 36.0 | 34.7 | 5.94 | 34.7 
| | 34.9 | | 5.60 | | 
eS ae 46.6 | 38.8! 34.7*| 34.8*| 5.90*) 30.0 | 5.39% 31.7 
in Al | in cell’d in gel. 


The results given in the following table were obtained by taking a 
weighted mean of the results marked with an asterisk, which I considered 
to be the absorption coefficient of the end radiation. 

The values of u/p in Al which are in brackets were calculated from 
the values obtained for celluloid and for gelatin. 

Plotting log V and log u/p, it is seen that the points obtained for 4,880 
to 9,970 volts, inclusive, lie remarkably close to a straight line (Fig. 3). 
The points corresponding to the five lower potentials are above this line, 
indicating that the X-rays had not passed through a sufficient thickness 
of absorbing material to give the limiting value of the absorption coef- 
ficient. The slope of this line shows that p/p is inversely proportional 
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TABLE III. 


(u/p) Gel. 


n/p w/e ule | (wip) Cela | (n/p) Gel. 


























Potential. in Al. in Cell’d in Gel, } (u/p) Al. (u/p) Al. | (u/p) Cell’d 

sesamin ole He 
2,500 (1,930) — 312 .. ae mes 
3,000 | (1,190) | — 193 —_— pats eae 
3,460 | (778) — 126 — a — 
3,930 | (474) 81.0 | 76.2 — — .940 
4,420 | (351) 60.0 566 | — — 943 
4,880 (249) 42.5 38.7 | — | — 910 
5,870 149 25.6 28 | 3172 | 173 «=| ~ 1.01 
6,780 101 — ——_ |  —— — — 
7,700 71.7 12.3 114 | 172 .159 927 
8,860 47.3 — ee | me -— | = 
9,970 34.7 5.90 5.39 | 170 | 155 | A 
ME ss-aninnntidindedar aie civics | 171 | 162 | 941 


to V*"4, Taking a mean of the values of u/p X V*7 for these six 
results, I find 











N 
2.90 


















































N 
logo 
2.20 \ 
2.00 
~~ \ 
1.80 
1.60 TY 
109,,.V 
140 3}o ‘0 3)60 ajo 2 1O 
Fig. 3. 


~— = 4.269 X 10”. 


It seems hardly worth while to retain the fourth place. Using 2.77, I 
find that these six results give 
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; V277 = 4-24 X 10%. 


The following table shows the agreement of yu/p, as obtained by this 
formula, with observed results. 











TABLE IV. 

Potential. | ufo (Obsd.). | u/p (Calc). | Potential. | ule (Obsd.). | u/p (Calc). 
2,500 1,930 1,600 | 4,880 | 249 250 
3,000 1,190 | 963 5,870 149 150 
3,460 778 | 649 | 6,780 101 101 
3,930 474 456 7,700 ih Pe 70.8 
4,420 351 326 8,860 47.3 47.9 

9,970 34.7 34.6 





The values of n/p as found by Duane and Hunt! and the four for the 
lower potentials used by Rutherford, Barnes and Richardson,? are com- 
pared below with those calculated as above. 








TABLE V. 
Potential, | w/e (Duane). | ule (Calc.). | Potential. | n/p (Ruth). | u[p (Calc.). 
35,200 1.60 1.08 | 13,200 je Be 16.3 
37,900 1.45 .880 | 20,000 4.44 4.88 
40,200 137 | .748 30,000 1.74 1.68 
| 40,000 912 | _.758 


It may be that these observers did not reach the limiting value of 
n/p, although this would not account for the discrepancy from Ruther- 
ford’s values at 13,000 and at 20,000 volts. 

From the quantum theory relationship 


A= 
(5) v - 


and taking e/h = 4.774 X 107”/6.585 X 10777 = 7.252 X 10", it follows 


Ve = hy, or 


1.241 X Io 
V cm. = V 


1.241 X 104 2.186 X Io! 
=— AD, @ Wo 


which with the relationship 


e V2:77 = 4.24 x 10/2 
p 


1 Duane and Hunt, Proc. Am. Phys. Soc., PHys. REv., August, 1915. 
2 Rutherford, Barnes and Richardson, Phil. Mag., September, 1915. 
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gives 
a 
—- = 19. 2-77 
rs 9-4 
in which } is in A.U., and yu/p is for Al. 
Similar results have been found by others. Manne Siegebahn! found, 


by using the absorption coefficients of various characteristic radiations, 
and the wave-lengths obtained by Moseley, 


= 1978 


Dit 


for the shorter K line, and 


be 
- = 13X*5? 
p 


for the longer K line. The values of u/p which he used were for the 
whole K radiation, and hence are not of precise significance. Duane? 
used 14.9\°. Bragg* found the exponent to be 5/2, and this was used by 
Rutherford, Barnes and Richardson‘ in calculating wave-lengths from 
absorption coefficients. Bragg® has found by later determinations that 
the exponent is nearer 3 than it is to 5/2. 

Curves showing how u/p varies with the thickness of aluminum through 
which the radiation has passed, are given in Fig. 4. The absorption 
coefficients which were obtained in gelatin and in celluloid have been 
multiplied by the reciprocals of .162 and .171 respectively, to give equi- 
valent absorption in aluminum, and the thickness of absorbing material 
has been reduced in a similar manner to the equivalent thickness of 
aluminum. 

These curves look as though the points at which the radiation has 
become approximately homogeneous would lie on a hyperbola. If pd 
represent the mass per sq. cm. of aluminum through which the rays 
have passed, I find, approximately, 


gat 


B 
p 


’ 


in which u/p is the limiting value of the absorption coefficient. Com- 
bining this with 
4.24 X 10” 

y277 


1 Manne Siegbahn, Phys. Zeitschr., August, 1914. 
2 Loc. cit. 

3’ X-Rays and Crystal Structure, p. 180. 
4Loc. cit. 

5 W. H. Bragg, Phil. Mag., March, Io15. 
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it follows 
pd = 107!2 x V2-77, 


This equation may be taken to indicate roughly, for this range of poten- 
tials, what thickness of aluminum is necessary to render the X-rays 


Fig 4 


Avsoretion Coesfecients 
in Alas a puntion of the thick- 
ness of Al traversed by the 
X rays The thickness of the 
Al windows in the tube and in 
the electroscope is included, 
and the thickness traversed 
1s on Cach case taken to beto 
the middle of the sheet br 
which the corresponding value 
of S was obtained. Thickness 
Ax. isin ¥e 





AO 


Fig. 4. 


homogeneous. The maximum difference between this and observed 
results, determined the best I can from the tables giving u/p, is 25 per 
cent., with no systematic trend. 

An iron anticathode was used in the X-ray tube, in order to obtain 
the characteristic radiation of iron, which should appear at 9,600 volts. 
The rate of discharge of the electroscope per unit cathode current, for 
potentials of from 4,000 to 16,000 volts, was taken on five different 
days. Two of the curves thus obtained showed a slight jump at about 
9,600 volts, and three showed none. This simply indicates that the 
characteristic radiation of iron, as thus excited, is a very small part of 
the total X-radiation. 

As there is a considerable part of the radiation at any potential which 
is homogeneous by the absorption test, it is possible to determine the 
variation in the quantity of this part of the radiation, as a function of 
potential, without resort to the method of total absorption. Data 
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already obtained may enable me to do this. The variations in the 
behavior of the tube make much more difference in this than in the deter- 
mination of absorption coefficients. 


SUMMARY. 


The absorption of X-rays produced at steady potentials ranging from 
2,500 to 10,000 volts has been studied. After passage through a suf- 
ficient thickness of absorbing material, the emergent X-rays thus pro- 
duced may be considered homogeneous. The value of the absorption 
coefficient of these rays is given very closely by 


&@ 4.24 X 10” 
p 1 p27 


Assuming that this radiation has a definite wave-length which is 
given by the quantum relationship, it follows 


= 19.4d*77, 


oir 


The thickness of aluminum, pd, in grams per sq. cm., which is necessary 
to render homogeneous the X-rays which are generated at a steady 
potential V, is roughly given by pd = 10-” XK V*77, 

RYERSON PHYSICAL LABORATORY, 


UNIVERSITY OF CHICAGO, 
April 15, 1916. 
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DIRECT CURRENT CORONA FROM DIFFERENT SURFACES 
AND METALS. 


By SYLVAN J. CROOKER. 


I. INTRODUCTION. 
T has been shown by F. W. Peek! and by S. P. Farwell? that the corona 
discharge is quite different when the wire is positive and when it is 
negative. The starting point of the corona as well as the characteristic 
curves depend on the polarity of the wire. When the wire is negative 
the corona assumes the form of bright “‘ beads ”’ which are strung along 
the wire more or less evenly, the number of the beads per unit length 
depending on the pressure of the gas and the potential difference between 
the wire and the cylinder. This beautiful but complicated phenomenon 
suggested that probably the surface conditions and the chemical nature 
of the wire might influence at least the negative corona in the form of 
beads. 

It became the purpose of these experiments then to find out the in- 
fluence of the surface condition of the wire upon the starting point and 
the characteristics of the corona discharge phenomena. 

The apparatus used consisted of a metal cylinder (inside diameter 3.63 
cm.), with a longitudinal slot for observation (1.53 cm. wide), sealed in a 
glass cylinder and arranged in such a manner that wires of different 
sizes could be easily strung along the cylinder axis. It was possible to 
readily connect the tube to a vacuum pump for varying the pressure. 
The high potential direct current was taken from forty 500-volt D.C. 
generators connected in series. The machines were self-exciting and 
could be cut in or out by closing or opening the field switches. Smaller 
variations than 500 volts could be obtained by varying the speed of the 
driving motors or by the adjustment of a rheostat which was connected 
in the field of one of the machines. 

The voltage was read on a Kelvin electrostatic voltmeter which had 
been calibrated with an attracted-disc electrometer. The current was 
measured with a D’Arsonval galvanometer whose figure of merit was 
found to be 6.25 X 10~-* amperes. 


1F,. W. Peek, Jr., Dielectric Phenomena in High Voltage Engineering, p. 27. 
2S. P. Farwell, ‘‘ The Corona Produced by Continuous Potentials,’’ A. I. E. E., November 


13, I914. 
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Preliminary Experiments.—Preliminary experiments were made using 
a steel wire the surface of which was polished over one half its length 
and corroded with nitric acid over the other half. When the wire was 
placed in the tube and corona made to form on it at low pressures, the 
effect of the surface condition was made evident at once. Nos. 1 and 3 
in Fig. 1 show this experiment. The right half of the wire is polished 
and has the characteristic negative beads, while the left half is chemically 
corroded and only a soft glow appears there. This glow is different 
from the characteristic positive glow in that it is much greater in diameter 
and has a fuzzy appearance like eider down. 

Of course it must be noted here that this condition is for a slightly 
higher potential than that at which the glow first appears and that the 
fuzzy glow eventually breaks into the beads upon raising the potential. 
However the beads on the corroded end do not have the sharp clear-cut 
appearance as those on the polished end, but are fuzzy and less well 
defined. The positive glow is also shown in Fig. 1, No. 2, under these 
same conditions, but it presents the same appearance for both parts of 
the wire. 

The first experiment led to the trial of a wire whose surface was not 
only (1) polished and (2) corroded, but also (3) mechanically abrased. 
The differences existing here were also very striking and clearly shown 
atonce. Fig. 2 contains photographs of the negative wire, the left end 
being abrased, the center polished, and the right end chemically corroded. 

No. 4 shows the starting of the corona at low pressures and corre- 
spondingly low voltages It will be seen that the beads start first on 
the polished surface (1), while the corroded surface (2) shows no glow 
and the abrased surface (3) has but a slight brush discharge on it. The 
beads on (1) are very large, clear, steady and quite evenly spaced. 

No. 5 shows the effect of a slight increase in voltage where the glow 
now appears on surface (2) and the beads begin to form on surface (3). 
Gradually increasing the voltage and the pressure as well causes the 
glow to become brighter on (2), the beads to increase on (1) and (3). 
The beads on the abrased portion have a lateral movement, while those 
on the polished part are still very steady and clear. 

With still greater increase in pressure and voltage it is possible to 
reach a condition where the whole length of the wire is covered with clear, 
steady and evenly spaced beads (see No. 6). Here it seems that the 
surfaces all act very nearly the same regarding the formation and building 
up of the corona discharge. 

Now when the pressure is increased to 370 mm. and the voltage is 
increased to produce the discharge it is found that the corona starts first 
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on the abrased portion and that it is only on this part clear steady beads 
can be obtained (see No. 8). The beads on the corroded part are fairly 
well defined but they are in an agitated state, moving back and forth 
on the wire. Under these conditions it is found impossible to get steady 
beads on the polished part of the wire; instead of the clear beads there 
is a rather knobby glow on the wire, the condensations in which seem 
to be beads trying to form. 

This reversal of the phenomena, as shown in Fig. 2, where the clear 
beads form on the polished surface at low pressures and on the abrased 
surface at high pressures, has been found to be a real one for steel wire. 
The corona starts first on the polished wire for low pressures and begins 
on the abrased or corroded wire at much lower potentials for high pres- 
sures. 

An enameled german silver wire was fitted in the tube after one half 
of its length had been freed from the enamel and polished. At low 
pressures for the positive wire the characteristic glow would appear on 
the polished end. The enameled end would have several small star- 
like spots of light irregularly distributed over it appearing at points 
where the insulation had broken down. Keeping the wire positive and 
increasing the voltage caused very bright ‘‘ streamers’”’ of purple light to 
shoot out from a few of these small stars. At higher pressure and higher 

Tube 


Purple Streamers~ 
Wire 
——— | 


ae 


ght Spot on ire” 

















Section Elevation 


Fig. 4. 


voltage these streamers increased greatly in number, the glow spreading 
out into a thin fan-shape. This fan would slowly oscillate or rock back 
and forth about the bright spot on the wire asacenter. Between these 
fans a hazy fog-like glow was everywhere present. Upon placing an arc 
in series with the wire and the tube this fog would disappear and the 
fans would become more sharply defined and more steady. 

For the wire negative (see Fig. 3, No. 14) it was impossible under any 
conditions to get the characteristic negative beads. Neither could a 
glow be produced on the polished end, the only discharge present was on 
the enameled end similar in appearance to the small stars for the positive 
wire. However for the negative wire the stars were intensely bright 
and in slight movement. Fig. 3 shows the appearance of the discharge 
from the enameled wire when both positive and negative. Fig. 4 gives 
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details of the structure of the positive purple fans. For the enameled 
wire negative the starting potential was much lower than for the opposite 
polarity. 

Figs. 1 and 3 suggest that the starting point of the corona and the 
characteristic curves depend on the surface conditions. In order to test 
this suggestion the following experiments have been performed. 


II. VisuAL CORONA AND STARTING POTENTIALS. 


Many characteristic curves were obtained for different sizes of copper 
wire where the surfaces were polished and abrased and many more char- 
acteristic curves were taken, using wires of copper, steel, aluminum, and 
silver where the surfaces were polished, abrased or roughened, and 
chemically corroded or oxidized. The more striking results will be given 
in the following paragraphs. 

Preparation of Surfaces.—F¥or the polished surfaces care was taken in 
choosing wires without kinks or surface scratches. These wires were 
polished with fine emery cloth and finished with chamois and jeweler’s 
rouge just before placing in the tube. 

The abrased surfaces were prepared by rolling the wire in emery 
powder between two hard plane surfaces. Care was taken to have the 
surface abrased uniformly over the whole length. 

The corroded surfaces were prepared by different methods. The 
surface of the steel wire was corroded by dipping in a solution of nitric 
acid, a black surface resulting. The aluminum wire was corroded by 
allowing it to remain in a solution of sulphuric acid for a few days. The 
result was a thin white coating. For copper it was necessary to oxidize 
the surface by passing a heating current through the wire in the presence 
of oxygen. Since large quantities of ozone are produced by the corona 
discharge the silver wire was coated with a layer of silver peroxide by 
allowing the corona to play on the wire for some time. 

The phenomena are very complicated. Their description will be 
carried out according to the surface condition of the wire, and for each 
individual condition three pressures will be considered. 

Wires Polished.—The general appearance of the corona is the same 
for all polished positive wires, and differs but slightly for negative wires 
at the different pressures. At pressures of about 50 mm. when the po- 
tential is brought up to the glow potential, wire positive, a very faint 
flashing glow is seen over the whole length of the wire, which becomes uni- 
form and steady as the potential is raised slightly. The potential may 
be carried up to the arcing point without changing the general appearance 
of the uniform glow. The only noticeable change is an increase in the 
brightness of the bluish glow. 
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For pressures of 50 mm. and negative wire, the first appearance of the 
corona is a flashing glow, similar to that for positive wire, but of much 
greater diameter and brighter. Increasing the potential causes this 
glow to remain steady on the wire, becoming uniform and very bright. 
Very little current flows until a stage is reached not far above the starting 
point, where the bright uniform glow breaks into large clear character- 
istic negative beads. From this point on the current increases rapidly 
with the potential. As the potential is increased the beads increase in 
number but remain large and well defined, this will be discussed more 
fully later on. 

For the polished surfaces and pressure of 50 mm. the negative corona 
on copper begins at a lower potential than the positive. Corona appears 
at the same potential for both polarities in the case of steel, but for alu- 
minum and silver the positive glow begins at the lower potential. This 


TABLE I, 


COMPARISON OF STARTING VOLTAGES FOR DIFFERENT SURFACES AND WIRES. 
All wires about 0.41 mm. diameter. 





Copper. 
Polished Abrased Corroded 
Press. Wire + Press. Wire 4 Press. | Wire 
— Volts. — Volts. _ Volts. 


50 1,700 | 1,780 53.2 | 1,680 1,820 | 50.3 1,650 1,660 





252 2,650 | 2,600 253 2,550 2,800 | 250 2,010 2,500 
731 6,010 | 5,760 743 | 5,600 6,200 | 





Steel. 


51.6 1,710 | 1,710 52.2 1,690 1,740 52.3 1,750 1,700 
252.4 2,600 | 2,600 253.2 2,770 2,770 252 2,550 2,710 








727.6 5,660 5,960 736 4,560 5,830 739.4 4,810 5,760 
Aluminum. 

50 1,760 1,720 | 52 1,660 1,300 51.9 1,240 1,690 
251 2,820 2,900 | 251.5 2,490 2,900 252 2 370 2,66u 
74i.1 5,880 6,180 | 741 5,010 5,800 745.3 4,680 5,880 

a a Silver. 

53.2 1,850 1,820 | 32.3 | 1,730 1,740 52.5 1,850 1,780 

yn | 3,150 3,050 252.2 2,600 2,900 252.2 3,150 | 3,000 


744.8 4,210 6,130 743.2 | 5,060 5,850 746 5,760 6,320 

is shown by Table I., which contains the starting potentials for the dif- 
ferent metals and different surface conditions. Table I. shows no 
general law. With the exception of the silver wire at a pressure of 746 
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mm. the starting potential for the corroded wire is smaller for both 
polarities than for the polished wire. For the negative abrased wire the 
starting point is in general lower than for the polished wire with only two 
small exceptions. With the exception of silver the starting point of the 
abrased positive wire is higher than that of the polished wire. With 
increasing pressure the differences involved by abrasion and corrosion 
diminish. The largest influence is found for aluminum wire, negative 
corroded at 5I mm. 

For pressures of about 250 mm. the glow for wires positive is the same 
as before, being uniform and increasing in brightness as the potential 
increases. For wires negative and polished it was almost impossible 
to break the glow up into clear-cut beads at this pressure. With in- 
creasing potential the glow would become brighter and would condense 
at certain ill-defined points apparently attempting to form beads, but 
these condensed regions would be in rapid motion back and forth along 
the wire. 

For atmospheric pressure, wires polished and positive, the glow would 
appear faint but uniform and would increase in brightness as the potential 
was increased. For negative wires a faint flashing glow would appear at 
break-down potentials increasing in brightness with the potential increase. 
A very few scattered beads would at times be formed, but they would be 
small and unstable having very rapid lateral motion. This motion would 
increase in amplitude and speed with increasing voltage. Clear cut 
beads over the whole wire was impossible here as in the last case. 

Wires Mechanically Abrased.—With wire surfaces mechanically abrased 
or roughened and pressure of 50 mm. the positive glow begins with faint 
flashes as in the case of the polished surfaces, the glow becoming steady, 
uniform and increasing in brightness as the potential is increased. The 
starting glow voltage is in general higher than for the positive polished 
wires, and is also higher than for the abrased negative wires. For wires 
abrased and negative the corona begins with bright flashes of a fuzzy 
glow, part of which might have one or two large flashing beads. This 
flashing glow seemed to pulsate in synchronism with the impulses of the 
driving machinery. A slight potential increase above the first noticeable 
glow would cause the glow to break into well-defined beads which would 
soon become steady and clear, increasing in number with a potential 
increase. The negative starting voltage for abrased wires is lower than 
for the polished surfaces. 

For wires abrased and pressures of 250 mm. the positive visual glow is 
the same as before. The positive starting potential is in general higher 
than for the negative abrased and also positive polished surfaces. The 
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negative glow voltage causes very faint “‘ spears’’ or small brushes of 
light to flash out from sharp points here and there on the rough surface. 
These spears increase in size and number with increased potential, some 
being much brighter than others. As the potential is increased these 
spears unite into definite, clear beads which at times may be very steady 
and at other times may have more or less violent lateral movements. The 
negative starting voltage for abraised surfaces is much smaller than for 
the polished surfaces. 

At atmospheric pressures the positive glow on the abrased wire surfaces 
usually begins with a few small flashing purple streamers or brushes 
extending from the wire almost to the tube. These streamers are similar 
in appearance to the positive fans and streamers emitted from the surface 
of the enamel covered wire, see Figs. 3 and 4. These streamers increase 
in brightness and are accompanied by soft glow as the potential is in- 
creased. After a certain increase has taken place in the voltage these 
streamers disappear only the uniform glow remaining and increasing in 
brightness. 

For the abrased negative wire at atmospheric pressure the corona starts 


SURFACE CONDITION AND DIFFERENT SIZES OF WIRE 
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with small flashing spears the same as for the abrased wire at 250 mm. 
These spears increase in number very rapidly with an increase in voltage, 
some of them collecting, so to speak, into small bright beads and then 


breaking up again. As the potential is still more increased the beads 
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become more steady and definite, so that at times the abrased wire may 
be covered with many small, bright, steady and evenly spaced beads. 

Chemically Corroded Surfaces.—The positive visual corona for corroded 
surfaces is essentially the same for all pressures as has been described for 
the abrased surfaces. At low pressures it begins with a faint flashing 
glow which becomes steady and uniform, increasing in brightness. At 
pressures of 250 mm. the appearance is the same as above, and for at- 
mospheric pressure the corona may start with the small purple brushes 
or fans and an accompanying glow, the fans soon disappearing and the 
glow becoming uniform and increasing in brightness. The positive 
glow generally begins at lower voltages for the corroded surfaces than 
for the polished. 

The negative visual corona for the corroded surfaces is likewise similar 
to that for abrased surfaces at the different pressures. Clear cut and 
steady beads are obtained at the lower pressures but are not as stable 
for the higher pressures. In general the negative starting voltage is 
lower than for polished surfaces. 


III. CHARACTERISTIC CURVES FOR DIFFERENT WIRES AND SURFACES. 


Varying the Radius of the Wire.—The curves in Fig. 5 are taken for 
different sizes of copper wire. They show that the effect of abrasion in 
general lowers the starting point for copper wires at atmospheric pressure. 
The negative abrased curves are widely displaced from the polished ones, 
showing that more current flows in the corona discharge for the same 
voltage for wire abrased than for the smooth wire. The positive abrased 
curves quickly cross the polished ones and then continue to rise slightly 
displaced, less current flowing for the same potential abrased than for 
polished. Thus the abrased surface has the effect of restraining the flow 
of the positive current. 

The effect of abrasion is much greater in the case of the negative 
current. The curves also show that this effect is greater for the larger 
sizes of wire, which might be expected. The higher starting potentials 
for the larger-sized wires is also evident. 

The negative current builds up very slowly at first on the polished 
surface but finally reaches a point where it builds up much faster than 
the positive; at this point the beads are formed. The starting voltage 
for the abrased surface negative is much lower than for polished negative. 
The characteristic curve of the abrased wire is a smooth rising one 
eventually crossing the polished negative curve for large current values. 
This same phenomenon has been observed for different metals. 
Different Surface Conditions for the Same Metal.—Fig. 6 gives the char- 
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acteristic positive and negative curves for aluminum wires at about 
50 mm., showing the effect of the three surface conditions; namely, 
polished, abrased and corroded. The startiag positive wire voltage for 
the smooth surface is slightly lower than that of the negative, but the 
curves cross low, the positive current building up quite slowly with in- 
creased potential, while the negative curve is almost a straight line rising 


DIPFERENT SURFACES FOR ALUMINUM WIRE 
Diameter = 0,45 mn, 


/ 
Pressure | 
Polished=| P= 50 mm. | 
Abraised=/| A= 52 mm, 
Corroded=/ C= 52 mm, | 


yf y) 


12 












































g i 
< fii | 
t t+ 
2 F; ; Uy 
| y, 
2 4 / Z/ 
/ | / WA 
ie 
1 2 e 2.5 3 3.5 
KILOVCLTS 
Fig. 6. 


very rapidly. The positive starting potential is higher for the abrased 
surface than for the polished, while that for the negative abrased surface is 
lower. The negative polished and abrased surface curves cross but the 
positive do not. For the corroded surface the positive glow voltage is 
about the same as for the polished surface, the curve for the former con- 
dition becoming displaced shortly, less current flowing for the same 
voltage. The negative starting potential is very much lower in the latter 
case than that for the polished surface, but crosses at a low current value 
and rises to the right, less current flowing for the same potential. 

Thus it is seen that the surface condition has a very marked effect on 
the starting point of the corona as well as on the characteristic curves. 
All the wires were about 0.41 mm. in diameter. In general the abrased 
surface has the effect of lowering the starting potential for negative wire 
and raising it for positive wire. The starting point for both positive and 
negative in the case of corroded wires is in general lower than for the 
polished surfaces, but the corroded surface characteristics behave in 
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rather an erratic manner, sometimes being displaced in one way and some- 
times in the opposite. 

Table II. gives a comparison between the corroded and polished wire 
characteristics for both positive and negative at different pressures. 














TABLE II. 
COMPARING CORRODED WITH POLISHED WIRE CHARACTERISTICS. 
Copper. 
Wire. Press. Starting Pot. Corroded Surface Chasnstestatie. 
- 50.2 | Lower | Raised. 
+ 50.4 | “ “ 
~ 250.0 = Crosses high. 
250.8 | __ Raised. _ —_ 
Steel. 
_ 53.2 | Higher (press. diff.) Corsses high. 
+ 52.4 | Lower as ™ 
a 252.0 | ” ** low. 
a 252.4 | si Lowered. 
— 739.4 | " Crosses high. 
=e 739.4 | " “~~ low. 7 
Aluminum. 
_ 51.9 Lower Crosses low. (For instance see Fig. 4.) 
- 51.9 “oc sé ae 
— 252.0 = | “midway. 
os 252.0 | m | Raised. 
- 745.3 . Crosses midway. 
+ 745.4 | " | Raised. 
Silver. 

— 52.9 Same Lowered. 
a $2.5 | Lower = 
-- 23522 Same Crosses low. 
-s Zone | Lower ‘midway. 
_ 745.8 | Higher Lowered. 
+ 746.1 | . . 





Different Metals of the Same Radius and Surface Condition.—Farwell! 
by electrolytic processes covered the surface of a wire with different 
metals to determine their effect. He observed slight discrepancies but 
attributed them to experimental errors and concluded with Whitehead? 
that the formation of the corona is independent of the material of the wire. 

Table I. compares the starting voltages for wires of the same size but 


1S. P. Farwell, ‘‘ The Corona Produced by Continuous Potentials,” A. I. E. E., November 
13, 1914. 
2 Whitehead, “‘ The Electric Strength of Air, I.,’’ A. I. E. E., July, rg1o. 
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of different kinds of metal for different surfaces and pressures. Curves 
in Fig. 7 show a comparison between the characteristics of different 
metals. Very marked differences are evident in the characteristic 
curves, showing directly that the metal itself has a part to play in the 
corona formation. The positive and negative characteristics, especially 





CHARACTERISTIC CURVES FOR DIPPERENT METALS 
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Fig. 7. 


for the case of aluminium, become widely separated for large currents, 
the curves for the other metals separate at different rates for increasing 
current values, but in such a manner that each metal behaves in its own 
characteristic way. 

Slight differences in the starting points for the different metals were 
noticed; these differences however are of such a nature that they cannot 
be explained as being experimental errors. Steel and copper seem to 
have about the same starting point, while that for aluminum is a little 
higher and silver has a value still greater. The different metals not only 
affect the behavior of the characteristic curves but also the starting points 
of the corona glow. 
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The Effect of Ozone on the Corona.—The presence of ozone has a definite 
effect on the appearance of the corona as well as on the characteristic 
curves. If ozone is present in the corona tube in any quantity the 
negative beads do not form quite as distinctly as they do when a stream of 
air is passing through the tube, carrying the ozone away. The effect 
on the negative characteristic curve is very slight, displacing it a little 
to the right, such that less current can flow for the same potential (see 
Fig. 8). For the positive characteristic the effect is somewhat larger 


THE EFFECT OF OZONE 


Pressure 745 mm, 





= 
+ 


ed 





10 





8 - ? 
1, withou} ozone h 2 
2, with ozone | 





a 
~ 



































2 i 
: f 
=4 if 
7 vy 
2 Ys 
A 
wan 
%3 2 4 0: + Be 
KILOVOLTS 
Fig. 8. 


and in the opposite direction, the curve being displaced to the left, showing 
that more current-for the same potential flows through the tube with 
ozone present than does in its absence. At atmospheric pressure ozone is 
formed quite rapidly but its effect is not large. At lower pressures with 
less gas present the formation of ozone is very much less and its effect 
on the corona is proportionately smaller. 

The presence of ozone does not explain the differences in the character- 
istic curves for the different metals, unless it is a secondary effect between 
the wire and the ozone. 

Formation of the Negative Beads.—The formation and number of the 
negative beads depends not only on the pressure and potential, but also 
on the surface condition and the material of the wire. (See Farwell on 
Material of Wire.) Fig. 9 shows the relations between the number of 
beads and the current for different surfaces of copper wire. The current 
per bead is larger for the abrased and corroded surfaces than for the 
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SERIES, 


polished surface, assuming the whole current to be carried by the beads. 
For an increase in pressure it is also seen that the current per bead is 
much less, but the beads are smaller in size. However, for the higher 
pressures it takes a larger voltage to produce the same number of beads. 
For the lower pressures the beads have about the same degree of stability 


NUMBER OF BEADS AS A FUNCTION OF THE CURRENT 
FOR DIFFERENT SURFACE CONDITIONS 
Copper wire, 0.41 mm, dia. 
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Fig. 9. 


for all the different surfaces, while for higher pressures the beads are more 
stable on the abrased or corroded surfaces than on the polished, it being 
almost impossible to get definite beads on the polished wire for atmospheric 
pressures. 

The number of beads increases rapidly with increasing voltage. Here 
again the effect of the materials is compared. For the production of the 
same number of beads it takes in general a greater voltage on the steel 
than on the copper and aluminum wires. 


IV. THEORETICAL. 
Electronic and Ionization Effects Combined.—The theories by Townsend! 
and Bergen Davis,? which have been proposed to explain the corona phe- 


1 Townsend, ‘‘A Theory of Glow Discharges from Wires,” Electrician, June 6, 1913. 
2 Bergen Davis, A. I. E. E., April, 1914. 
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nomena, have been based upon the assumption that only an ionization 
of the gas takes place. These theories have explained some parts of the 
observed phenomena very well, but as for other parts it is impossible to 
produce a complete explanation by this one assumption. It is conceded 
that the ionization effect has a great deal to do with the corona action 
but it is not possible that there are other effects which are working in 
conjunction with this one. 

In the following an attempt will be made to explain the corona phe- 
nomena not as an ionization effect alone but as a combined action of 
ionization with electronic discharges. 

In the experiments which have been described on the direct current 
corona the striking difference between the positive and negative corona 
is everywhere apparent, not only in the visual corona but also in the 
characteristic curves. The difference between positive and negative 
electricity has been noticed by many observers in different experiments. 
For example, when a metal is heated it is known that electrons are 
shot off, these being negative charges of electricity which come from 
the metal itself. The same electronic discharge is obtained when a large 
force is acting between two cold electrodes ina vacuum. The example 
is seen in any X-ray or cathode discharge tube. 

It will make no essential difference whether we assume the electrons 
to come from the metal itself, from the gas which the metal has absorbed, 
or from a thin layer of gas adhering to the surface of the metal. 

On the other hand a discharge of positive electrons from a metal has 
never been observed. It always requires the presence of a gas to produce 
the positive charges of electricity. Experiments have also shown that 
these positive charges are atomic in size and hence are to be considered 
as positive ions. 

The assumptions which are made in this theory then, are that there is a 
combined action of electronic discharge from the metallic surface along 
with ionization in the gas. In some cases the electrons will predominate 
in determining the character of the phenomena, while in others the ioniza- 
tion may be the determining factor. 

Wire Surfaces Bare and Insulated.—It might ordinarily be supposed 
that to insulate the wire would increase the starting potential for the 
corona and cut down the loss. However, just the reverse of this was 
observed in Fig. 3 where part of the wire is covered with insulation and 
part bare and polished. It would seem almost like a paradox to say that 
insulation increases the corona loss, but it is found possible to explain 
this phenomenon by assuming electronic discharge from the metal and 
ionization in the gas. 
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Fig. 10 represents the conditions in this experiment. A potential V 
is impressed between the wire and the tube. 

R, = the radius of the wire, 

R: = the radius of the insulation, and 

R; = the inside radius of the cylindrical tube. 

The electric force E at the surface of the wire which is covered with 
insulation is given by the equation, 


Ek2rR = 4rze, 


where k = dielectric constant, R = point in which the force is being 
measured, and e = charge on the surface of the wire per unit length. 
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Fig. 10. 
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To calculate the potential or the work done in carrying unit charge through 
the distance dR, multiply by dR, 
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The work done in gaan the charge from R; to Rz is 
= “dR 2e. Rs 
EdR = = R =| oer: (2) 
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The capacity when the wire is insulated is readily calculated since, 


a a a (7) 


2(E log B+ log #2 ) 
Then when air only is the intervening medium, k = 1 and R2 = Ri, 


therefore, 
I 


Cy =— R; (8) 
2 log RR 
and from (5), 
aq =- le (9) 
2 log RR 


By comparing (7) and (8) it is seen that the capacity is increased by 
placing insulation on the wire and we can therefore conclude that with 
the same potential difference the charge e on the surface will also be 
increased. 

The force necessary to draw unit electric charge out from the metal 
when it is insulated is expressed by the relation 


276 


F= hk ’ (10) 
but 
—— - 
- 27k,’ 
then 
e 
"7 korR? 
and from (5) 
y?2 
eg = ¥ 
4 (Flos 5 + log! ‘)" 
therefore 
V2 
F= —_.— (11) 


I Ro =) 
3 § lng — aa 
k8rR, (= log R, + log R, ; 
Since the insulation is very thin R2 is very nearly equal to R, and 


1 
ko R, 
approximately and (11) becomes, 


= O, 
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F = - ~~ (12) 


k8rR? (tog z) 




























¥ SECON! 
360 SYLVAN J. CROOKER. Sentes. 


When there is no insulation on the wire, Re = R; and only air remains 
between the electrodes, k = 1, and (11) reduces to, 
V2 
F, = R ; (13) 
8rR? (tog — ) 
1 Ri 


F and F, differ only by the constant 1/k so it is easily seen that the 
force F necessary to pull the electrons from the wire surface which is 
covered with insulation is much smaller than F;, the force necessary to 
draw the electrons from the free surface after the insulation has become 
punctured. Therefore when the wire is negative, as is the case in No. 14, 
Fig. 3, there will be glow on the insulated side appearing at points where 
the insulation has broken down and there will be no glow on the polished 
surface. The discharge in this case is essentially electronic, the spots of 
light which appear are intensely bright and the potential at which glow 
begins is very much lower than when the wire is positive. 

When the wire is charged positively as in Fig. 3, No. 15, there appears 
a faint uniform glow on the polished surface. This is the characteristic 
positive glow which has a pale blue color. This may be explained as being 
essentially an ionization effect. That is, the wire being charged to a 
certain positive value has force enough to split up the gas molecules by 
collisions in its immediate neighborhood and when the energy is large 
enough light is emitted. The negative particles are attracted to the wire 
while a layer of positive ions collect at the wire surface. 

On the enameled end of the wire the density of electricity is larger per 
unit length. The streamers or fans of purple light approach the ap- 
pearance of the direct current arc both in form and color, so we might 
say that these streamers are negative ions moving toward the positive 
wire with a great velocity. An analogy to this brush discharge phenom- 
enon would be the stream lines of air entering small holes in a pipe 
carrying vacuum. The particles of air which are drawn to the pipe with 
increasing velocity are analogous to the negative ions which are drawn 
to the wire with velocity increasing as the wire is approached. These 
purple brushes have been noticed at different times for bare wires when 
positively charged. They seem to come especially from irregularities 
or points on the wire where there would be a great surface density. 

The starting potential for corroded surfaces has in general been found 
to be much lower than for polished surfaces. An explanation is easily 
found by considering either one of two effects. Either the size of the 
wire is slightly reduced by corrosion, enabling the corona to start at 
lower voltages or the corroded surface acts as an insulator giving the same 
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condition as has been explained for the phenomena in Fig. 3. The dif- 
ference in starting potentials for corroded and polished surfaces is in 
general so large that the former explanation is hardly feasible, since the 
size of the wire could not have been greatly reduced. The latter seems 
to give the best explanation, since it is known that most of the oxides 
when dry are good insulators, and it would be possible with such an in- 
sulating layer to get a large difference in the starting potentials. 

The Negative Beads.—The negative beads may be considered as being 
unstable in two senses. First, they move back and forth along the length 
of the wire, and, second, they give rise to oscillations. For instance it is 
known that a gas column or stream of electrons as in the Poulson arc is 
very unstable and gives rise to high frequency oscillations. 

At the very beginning of the negative corona the glow covers the whole 
wire. A certain amount of energy is stored up in this layer which is in an 
unstable condition and easily breaks up into the characteristic beads. 
This is similar to a film of water covering a wire or string. The film will 
be uniform until a certain point of instability is reached when it will break 
up into drops or beads. This breaking up of an original uniform layer 
into beads has been observed over and over again. As soon as a bead 
is formed a large current starts in that region which heats the gas and 
the metal at that point. A thin metal wire may easily melt. If the 
temperature rises and the potential difference decreases at these points, 
the metal will be oxidized and the discharge will take place at a different 
point, causing the beads to move backward and forward along the wire. 

Moreover the beads assume the shape of a fan whose plane is perpen- 
dicular to the wire, so that in these planes the temperature will be higher 
than in the neighboring regions. This will give rise to an unstable tem- 
perature distribution which will cause the beads to move along the wire. 
This effect is more pronounced when the wire is in a vertical position. 

This instability is also shown by the fact that the pressure increase 
due to ionization when the wire is negative is very erratic and cannot be 
measured accurately, and by the fact that the field in the tube cannot be 
investigated by a third sounding-electrode, since very irregular results 
are obtained due to the presence of the beads, while the positive wire 
gives very regular results which can easily be repeated and show a marked 
distortion of the field between the wire and the cylinder. 

There are several other cases in which the negative elctricity escapes 
from surfaces; for instance, in the mercury arc the glow from the negative 
terminal does not come from the whole surface of the electrode but from 
a bright spot on the surface of the mercury which moves about irregularly. 
Another case would be that of the ordinary carbon arc under certain 
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conditions when the negative end of the flame moves about, and still 
another, Dr. Knipp’s cylindrical cathode.!. Indeed the negative bead 
resembles the arc in several respects; it may be called a small arc which 
by increasing the voltage gradually goes over into the more definite arc. 

The beads represent in the second place a more or less unstable dis- 
charge in so far as oscillations are very easily set up. S. P. Farwell has 
shown that a small spark gap in series with the corona tube gives rise to 
oscillations in the electric circuit. Bennett? has shown that oscillations 
arise readily in the negative part of the corona for alternating currents. 
The arc, for instance the Poulson arc, is a transformer of direct current 
into alternating current of a very high frequency. 

The beads are always brighter and steadier at low pressures that at high 
pressures. At low pressures the electronic discharge from the metal 
predominates over the ionization by collision in the gas. With increasing 
pressure the ionization by collision becomes more and more important, 
the beads become smaller and more numerous. 

For a certain pressure and potential difference beads will appear on 
the abrased, polished and corroded surfaces of a steel wire in exactly 
the same way (see fig. 2, Nos.6 and 9). This happens between the pres- 
sures of 30 and 40 mm. At a lower pressure (25 mm.) and a smaller 
potential difference beads appear only on the polished part, while a more 
or less uniform glow covers the corroded and the abrased portions; the 
surface irregularities on the corroded and abrased parts giving rise to 
very many overlapping beads, forming a soft glow. There are, as it 
were, too many but too weak opportunities for the formation of well- 
defined beads. For still lower pressures and potential differences the 
original glow covers only the polished portion first and it is only on that 
part that the clear beads will form. 

Returning to the pressure, 30 to 40 mm., where the beads are evenly 
distributed over the whole wire, and increasing the pressure and the 
potential difference, then the number of beads increases. They become 
unsteady and fuzzy especially along the corroded and polished parts and 
finally with still higher pressures the beads are only well defined on the 
abrased part, where they probably are fixed by rough surface irregular- 
ities which act like small lightning rods. During all of these changes of 
the negative corona the positive glow remains perfectly constant, forming 
a well-defined uniform bluish glow along the wire. 

It has already been shown that one should expect for corroded surfaces 
a smaller starting voltage than for the polished wire for both polarities. 


1Dr. C. T. Knipp, Science, May, 1916. 
2 Bennett, Trans. A. I. E. E., Vol. 32 (1913). 
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For the negative abrased wire the starting voltage also is smaller than 
for the negative polished wire, a result which is evident. As clear beads 
are formed for the abrased wire at higher pressures one should expect that 
the negative characteristic curve is higher than that for the polished 
wire and that is actually the case (see Fig. 2, No. 8, and Fig. 5). On the 
other hand if at low pressures bright beads are formed on the polished 
wire one should expect the current to be larger than for the abrased and 
corroded wire and this also is the case. (Compare Fig. 2, No. 4, and Fig. 
6.) Bright beads are always accompanied by a large current. Corrosion 
and abrasion have little influence on the positive characteristics. 


CONCLUSIONS. 


1. The surface conditions as well as the metal itself has an effect on 
the starting voltage and on the characteristic curves. 

2. The number and brightness of the negative beads depend in a very 
complicated way on the surface conditions. 

3. A thin layer of insulation on the wire renders the escape of negative 
electricity easier. This paradox has been explained. 

4. The formation of beads and their instability has been explained on 
the assumption that the current is due to an emission of electrons from 
the surface of the metals and due to ionization by collision. Most of 
the complicated phenomena have been explained by this assumption. 


An expression of thanks must be given to Prof. A. P. Carman through 
whose kindness facilities for these experiments were provided, and to 
Dr. Jakob Kunz, whose suggestions and assistance have proven a constant 
source of help throughout the work. 
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THE FLUORESCENCE AND ABSORPTION OF CERTAIN 
PLEOCHROIC CRYSTALS OF THE URANYL SALTS. 


By Epwarp L. NICHOLS AND H. L. HOWEs. 


ELL-FORMED crystals of certain of the uranyl salts show a 

marked pleochroism. When viewed through a Nicol prism 

their color changes from a yellowish-green to a very pale yellowish 
white when the plane of the Nicol is turned through 90°. 

It has been shown in a recent paper! that in the case of the double 
chlorides of uranyl (7. e., UOQeCle. 2NHsCl + 2H2O; UOeCl,2KCI + 
2H20; UO.Cl.2RbCI + 2H2O and UO.Cl.2CsCl) these changes of color 
are connected with striking and significant variations in the fluorescence 
and absorption spectra. 

All four of these double chlorides, like the ammonium uranyl] chloride, 
the fluorescence and absorption spectra of which have lately been de- 
scribed by Nichols and Merritt in the PuHysicAL REvIEw,? differ from 
the other uranyl salts thus far studied in the greater degree of resolution 
exhibited by their spectra at + 20°. 

Their spectra are all of the same type, consisting of equidistant groups 
of bands, the homologous members of which form series with constant 
frequency intervals. Each series terminates towards the violet in the 
so-called reversing region where, as will be seen from Fig. 1, its last 

















Fig. 1. 


member is identical in position with the first member of a series of 
absorption bands extending into the ultra-violet and having likewise a 
constant but shorter interval. The further resolution effected by cooling 
the crystal to the temperature of liquid air is in general of the same 
character as that observed in the case of the ammonium uranyl chloride: 

1 Nichols and Howes, Proceedings of the National Academy of Sciences, Vol. I., p. 444, 


Aug., IQI5. 
2 Nichols and Merritt, Puys. REv., Series II., Vol. 6, Nov., 1915. 






































You. Vill.) FLUORESCENCE OF CRYSTALS OF URANYL SALTS. 365 


i. e., the bands are usually resolved into doublets, the components of 
which, in some cases, particularly noticeable in the absorption spectrum, 
show indications of further complexity. 

It has further been shown! that these doublets are polarized, the 
planes of vibration of the components being at right angles to one another, 
so that by viewing the spectrum through a Nicol prism a resolution of 
the bands of fluorescence and absorption is obtained. 

The relation of these two effects has already been discussed in the case 
of the ammonium uranyl chloride; and it is the purpose of the present 
paper to study in greater detail, for the purposes of comparison, the 
polarized fluorescence and absorption of these four double chlorides at 
20° and — 185°. 

The polarization of the fluorescent light from crystals, first noted by 
Grailich in 1857? has since been studied by Maskalyne,? von Lommel,‘ 
E. Wiedemann,°* Sohncke,*® Schmidt,’ H. Becquerel® and Pochettino.?® 

With the exception of the work of Becquerel, in which low temperatures 
were employed, the authors cited above have dealt chiefly with fluores- 
cence of the usual type, consisting of broad bands. In such cases the 
most that can be done is to determine the direction of vibration and 
estimate the proportion of polarized light. 

In the measurements to be described in the present paper the apparatus 
depicted in Fig. 2 was used. 

Within the collimator of a spectroscope of constant deviation a rhomb 
of calcite R was so mounted as to give two vertically displaced images 
of the slit, and these by suitable adjustment of the length of the slit 
could be rendered contiguous without overlapping. 

The crystal C was mounted before the slit and turned about the axis 
of the collimator until the planes of vibration of the transmitted light 
coincided with planes of transmission of the rhomb. 

For the study of fluorescence the light from a carbon arc A after 
passage through the condensing lens L, the water cell W and a light 
filter F, was employed for excitation. The filter was opaque to light of 
a wave-length greater than .45u, so that the fluorescence appeared on a 
black background. When absorption spectrographs were required a 


1 Nichols and Howes, loc. cit. 
2 Grailich, Krystall-optische Untersuchungen, Wien, 1858. 
3’ Maskalyne, Proc. Royal Society, XXVIII., p. 479. 

‘von Lommel, Wiedemann’s Annalen, VIII., p. 634. 

5 E. Wiedemann, Wiedemann’s Annalen, IX., p. 158. 

6 Sohncke, Wiedemann’s Annalen, LVIII., p. 417. 

7G. C. Schmidt, Wiedemann’s Annalen, LX., p. 740. 

8H. Becquerel, Comptes Rendus, CXLIV., p. 671. 

® Pochettino, Nuovo Cimento (V.), 18, 1909. 
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pale blue screen was substituted, and the carbon arc was replaced by a 
1,000-watt nitrogen-filled tungsten lamp. 

Many crystals were produced before any were “found which gave 
complete separation of the two polarized components. A mere inspec- 
tion of the crystals was not a sufficient criterion; but when transmitted 
light polarized parallel to one of the planes of vibration of the crystal 
was used, the presence of only one of the two absorption spectra was 


Joi Ml 
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Fig. 2. 


found to afford a very delicate test, both for the adjustment of the 
apparatus and the homogeneity of the crystal. In accordance with the 
usage adopted in the paper already cited! we shall call that component 
of the spectrum due to vibrations in the more transparent direction of 
the crystal, the white component, while the component at right angles to 
this will be designated as the green component. The stronger fluores- 
cence, as might be expected, corresponds to the green polarization. 

The four double chlorides of uranyl which were studied crystallize in 
triclinic plates. The crystals were so mounted that the flat faces were 
at right angles to the transmitted light. 

The flat faces of the potassium, ammonium and rubidium uranyl 
chloride crystals correspond to the (c) crystallographic face, while the 
flat face of caesium chloride crystals corresponds to the (b) crystallo- 
graphic face. The caesium chloride crystallizes in gypsum-like plates, 
which were mounted with the longest, (c) crystallographic axis vertical. 
Since the plane of polarization of the white light is also vertical within a 
degree or two, light vibrating horizontally is, in this arrangement, less 
absorbed than light vibrating vertically. As to the direction of vibration 
of the white light within the crystal, it can be said to be more nearly 
parallel to the (a) crystallographic axis than to the (b) axis. Rubidium 
chloride crystallizes in long hexagonal plates. As mounted, plane 
polarized light was transmitted most freely when the direction of vibra- 


1 Proceedings of the National Academy, I., p. 444. 
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tion was parallel to the (a) crystallographic axis. Potassium and 
ammonium chlorides crystallize in thin plates which approximate more 
nearly the hexagon in form. Examination of the transmitted light with 
the aid of a Nicol shows that the same relations exist between the direc- 
tions of vibration and the crystallographic axes as for the rubidium 
chloride." 

Two polarized fluorescence spectra are always present, provided the 
crystal is mounted as previously described. It is a remarkable fact that 
these spectra remain unchanged whether the exciting light is unpolarized 
or is polarized in a white or green direction, or any other direction. 
Their character moreover appears to be independent of the direction 
from which the exciting light enters the crystal. This is in agreement 
with a general principle established by the study of fluorescence spectra,? 
that the character and location of a fluorescence band is independent 
of the nature of the excitation. Changes in the polarized spectra occur, 
however, as might be expected, if different crystallographic faces are 
placed at right angles to the axis of the collimator. 

Although visual observations were made, the spectra were mapped for 
the most part from the photographic plates. Two measuring instru- 
ments were used—the comparator, and a special combination of lantern 
and micrometer stage. For locating and measuring the dim bands the 
latter arrangement was far superior. Occasionally the fluorescence and 
a portion of the absorption spectrum could be photographed simultane- 
ously to advantage, but more often different screening and various times 
of exposure were necessary in order to bring out different regions of the 
absorption. The exposures varied in time from 30 seconds to one hour. 
The micrometer screw was calibrated in wave-lengths, but reciprocals 
of the wave-lengths are employed in the plots of the spectra, and the 
bands are designated in the diagrams and tables by their frequency 
numbers; 7. ¢., I/u X 10%, where u is the unit of wave-length. The bands 
of smallest frequency number; 7. e., of longest wave-length, will be 
consistently found on the left side of each plot, so that a shift to the 
violet is indicated by a shift to the right. 


A Stupy or TypicAL Groups OF BANDS FROM THE FLUORESCENCE AND 


ABSORPTION SPECTRA AT + 20° C 
In the study of the spectrum of the uranyl ammonium chloride it has 
recently been shown’ that each group of bands consists of five members, 


1 The excellent specimens which were finally utilized in this investigation we owe to the 
persistent and skillful efforts of Mr. D. F. Wilber. 

2 Nichols and Merritt, Puys. REv., Series I., 27, p. 373, 1908. 
3 Nichols and Merritt, Pnys. REv., Series II., Vol. 6, 1915. 
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and that each of these bands is double. Since polarization effects a 
resolution or separation we should expect in general to find five com- 
ponents in each polarized fluorescence group. In the same paper! the 
bands of one fluorescence group have been designated as 3, c, d, e and 
a, and the same nomenclature will be employed here. 

A typical fluorescence group for each of the four salts is indi- 
cated in Fig. 3. The bands above the horizontal line are the 
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green polarization components (b,, c,, etc.), those below, the white 
polarization components (by, Cw, etc.). The lengths of the bands 
give an approximate idea of their intensities, although the differ- 
ence in intensity between a strong c band and a weak a band cannot 
be shown to advantage in such a diagram. The positions of the 


1 Nichols and Merritt, loc. cit. 
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crests of the bands are taken from the observed values, to be found in 
Table I, but the width and form of the bands are more or less arbitrary, 
being the expression of a judgment based on a large number of observa- 
tions. 

From this figure it will be seen that bands c, e and a of uranyl potassium 

‘ chloride appear as doublets, polarized at right angles. Band } has no 
green component visible but, as will be shown in a subsequent para- 
graph, at — 185° a green component is present, which lies nearer the 
red than b,. Bands c, and c, are the two components of band c, while 
no component of band d has been found on the white side. Bands e 
and a are also well resolved, the white component of band e¢ is of longer 
wave-length than the green component, while the white components of 
c and a, and probably of }, are of shorter wave-length than their respec- 
tive green components. 

The uranyl ammonium chloride group shows a strong similarity to 
the preceding group. All except band b appear as polarized doublets. 
Components d, and a, were discerned only with the greatest difficulty. 

The uranyl rubidium chloride group is very similar to the uranyl 
potassium chloride group. Band 3), is missing, but as in the potassium 
chloride there is a — 185° component to the red of b.. Component cy 
has a position nearer d, than has c, in the preceding spectra. This is 
also the condition existing in the caesium chloride spectrum, and it is 
possible,—since no d, component is visible in either spectrum, that d, 
is very dim, and hidden in cy. 

Uranyl caesium chloride gives the most satisfactory set of fluorescence 
bands, since both components of band 0 are present, and the c, e and a 
components are very well separated. It is interesting to note that 0b, 
is of longer wave-length than b,, as is the — 185° component of bd, in 
the preceding salts. 

It has been previously stated that the absorption spectra, like the 
fluorescence spectra, are composed of series, which begin with the bands 
which terminate the fluorescence series. The absorption bands which 
lie nearest the fluorescence region can also be arranged in recurring 
groups. The absorption series will be designated 6, y, 0, « and a; since 
they join the b, c, d, c and a fluorescence series, respectively. The e 
and a@ series are the strongest in the reversing region, but gradually 
vanish while the 0 series becomes stronger towards the ultra-violet. 
Fig. 4 gives a typical absorption group for each of the four salts. As 
before, the components above the line belong to the green; those below 
to the white polarization. 

By comparing the uranyl potassium chloride absorption group in 
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Fig. 4 with the fluorescence group of the same salt in Fig. 3 it will be 
seen that there is no 8, component present, as there was no 6, component 
present, but that y,, 0,, €,, and a,, corresponding to series c,, d,, e, 
and a, are present and that there are no other series represented. Al- 
though the relative intensities of the absorption components are almost 
reversed when compared with the relative intensities of the fluorescence 
bands, the same spacing exists between the green components of both 
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fluorescence and absorption. In the white polarization group, y,. corre- 
sponds, in position, to c,,, and €, to é», while Ba, serves both b, and a, 
series in the following way: b,, is the first member of each fluorescence 
group, while a,, is the band of the preceding group which is nearest to b,. 
As the fluorescence intervals of both the a and d series are approximately 
83 frequency units, and a, is 12 units distant from },, the reversing 






























~ 











ghee FLUORESCENCE OF CRYSTALS OF URANYL SALTS. 371 


band of the a, series must coincide with the second member of the 6, 
absorption series, since it is 71 units from the reversing band by» or Bw. 
The 0,, component is absent, as is d», and there are no superfluous series. 

The absorption group of the uranyl ammonium chloride is very similar 
to that of the potassium chloride. Again the 8, component, like the bd, 
component, is absent, but the other fluorescence series are represented 
by absorption series, save that no component of @ was found to join the 
very weak d,, fluorescence band. 

Uranyl rubidium chloride shows a grouping analogous to that of the 
potassium and ammonium chloride, while the uranyl caesium chloride 
group is only slightly different. 

A 8, series is present, which is properly related to the b, series, so 
that 8, and 8, are in the same relative positions as are b, and dy. 

No green polarized component joins the c, component. The dotted 
line shows where an absorption component would have to be placed to 
have the proper relation, according to our theory. The y, band is 
evidently complex. yw is present, however, as a single band, and the 
0, ¢ and a components occupy positions which agree with their corre- 
sponding fluorescence components. 8, and a, are here separate. 


A DETAILED STUDY OF THE RELATION BETWEEN FLUORESCENCE AND 
ABSORPTION SERIES. 


In Fig. 5 are indicated two complete fluorescence groups and two 
complete absorption groups for each of the eight spectra. The remark- 
able fact is that although no observed fluorescence bands have been 
omitted which fall within the frequency numbers plotted, each fluorescence 
series has its properly related absorption series, and with the exception 
of the complex y, series of the caesium chloride not a superfluous absorp- 
tion series is present. Fluorescence bands are designated by the solid 
lines above the horizontal, and absorption bands by the solid lines 
below the horizontal. The dotted lines above the absorption bands 
represent the hypothetical positions of absorption bands, computed in 
the following manner. 

The average interval for the series in question was computed from all 
available observations on the bands which belong to it, carefully weighted. 
A hypothetical position for the band in the reversing group was then 
found by adding this interval to the average of the observations on the 
position of the preceding band of the series. This hypothetical position 
was taken as the starting point of the corresponding absorption series, 
the hypothetical positions of the subsequent members being found by 
addition of the weighted average for the observed interval of that series. 
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By reference to Fig. 5 and to Tables I. and III. the reader can note 
the general agreement between observed and calculated positions; also 
the occasional discrepancies. In the spectra of uranyl ammonium 
chloride and uranyl rubidium chloride, for example, the },, and a, series 
are spaced at such an interval that a, and 8, cannot coincide, as will be 
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seen from Fig. 5. The observed 8a, bands occupy positions between 
the assumed positions of the 6 and a series, which tends to show that 
the Ba band is a narrow doublet. The fact that’a few of the observed 
absorption bands do not appear to be in their proper places can be readily 
explained when it is remembered that there is sufficient experimental 
evidence to lead to the belief that many of the absorption bands are 
doublets, consisting of a strong and a weak component. The breaks in 
a few of the absorption series, as in the e, and a, series of the uranyl 
ammonium chloride, are undoubtedly due to the sudden increase in 
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TABLE I. 
Polarized Series at + 20°. 

















Uranyl Potassium Chloride. 
Fluorescence. 
Green Component. White Component. 
c | d é a b c é | a 
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Absorption. 
Green Component. White Component. 
a Y 6 € a Ba | Y € 
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Uranyl Rubidium Chloride. 
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strength of one component, accompanied by a corresponding decrease 
in the other component. 

Table I. contains the observed positions of all the fluorescence and 
absorption bands measured in our determinations of the spectra of the 
four salts. Fig. 5 is a map of only the central portion extending as 
already stated, two groups into the fluorescence on the one side and two 
groups into the absorption, on the other. 


THE Errect oF Low TEMPERATURE ON THE RESOLUTION AND POSITION 
OF THE BANDs. 


In Table II. are recorded the observed positions of the fluorescence 





















































and absorption bands in the two polarized components at — 185°. 
18]00° i _19)00 l 20j00 l 21/00 
cg UBANYL POTASSIUM CHLORIDE 
GREEN +20° | | | | | | | | Y2 €xX* Vd €x Y 
loneen-res° | | [ii | is ar 
rr Ce ee i a de 
lwuire —185° | | | | | | | | | | 1 | | 
__ ers mom cnomog EE TT 
GREEN +20° Li tI Li ti v2eXY 2? 6X Y 
orcen—es° i! | 11. al LI I J a u mare 
— | | i [ | i il VY € @ VY € T 1 
wureosi] | | tt | | tt tt tt 
PTT tr Tt Td 
¢ eM epmams cues 
creen+20° | | |] | | [L,v2exn vr eu 
creen-ros’"| | | || | | JI , iM 4 L 1 | 
ey { f 1 [ i if i V €06 VY € 
white -125° | | | | | | |_| | | | | 
og gimme cari cmomne | OTT 
GREEN +20° BY 2 €48R3 YX EXE 
GREEN —185° LiL Lit tI moto 
os iti i ile VY €%6 VY €4£8 
wuite-1e5° | | LI | | me | tet Td 
1 | tt tf Tt 4 
18]00 | _19}00 | 2000 l 2100 











Fig. 6. 


Fig. 6 is a map of the central portion of each of the spectra, corresponding 
to Figs. 5 and 7. 
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SERIEs. 


It has been shown in a previous paper! that, in the case of uranyl am- 
monium chloride, low temperature tends to narrow all the bands, to 
resolve many of them and to produce shifts. These temperature shifts 
were then explained by assuming that the bands at + 20° are close 
overlapping doublets the stronger components of which are weakened 
by lowering the temperature while the weaker components are strength- 
ened. Such shifts occur in all of the polarized spectra here under con- 
sideration and the same explanation is applicable. 

The shift is nearly always towards the violet, the only exceptions 
being the a, and a, series and possibly the a, series in uranyl potassium 
chloride (see Fig. 6), the e, and e, series of uranyl ammonium chloride 
and the a, series of the latter salt. The change is greatest in uranyl 
caesium chloride and least in the potassium double chloride. 


TABLE II. 
Polarized Series at — 185° C. 
Uranyl Potassium Chloride. 


Fluorescence. 





Green Component. White Component. 
c a e a a’ b c e a 
PEPE Micaeisslvam ean le Be i, | ee 1741.3 1771.9 1786.4 
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2094.2 2099.1 2106.6 2124.0 

2164.5 2169.7 2177.8 2193.5 
ee re 2241.4 BEE. Usinwanicioun 


1 Nichols and Merritt, PHys. REv., 2, VI., p. 358. 
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Uranyl Ammonium Chloride. 
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Uranyl Rubidium Chloride. 
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Uranyl Cesium Chloride. 
Fluorescence. 
Green Component. | White Component, 
r 4 d d é | a | é | c é a 7 
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2475.2 | 2482.6 | 2489.4 Por 2500.6 2404.1 2435.2 2458.2 
| . | 
Se 2561.5 2566.1 | eh 2h | rare | 2505.0 2529.1 
2615.7 | 2621.2 | 2631.6 ee | ee Seen, Saar aaa 
er ee 2695.1 | 2701.2 ki $éava axa] Len iewiee 
— _ — —_— —— | | 
5’ 6 é € a 
ee ee BOARD 1iccsses| Bea 2044.6 
pie aerate POOLS heccsass| 2200D 2115.1 
PE ten” PGR jecccces| BPRS 2184.8 | 
2227.5 | 2233.4 | 2238.6 |........ | 2257.8 
2 2310.5 2321.3 | 2327.7 
2368.8 | 2378.7 | 2382.7 2394.1 2400.4 4 
2441.4 | 2449.2 ....... 2464.9 | 2467.9 | 
2524.0 2534.2 2541.3 | 


2510.0 2520.2 


In general the fluorescence bands shift in the same direction and 
by the same amount as the related absorption bands but there are some 
puzzling exceptions to this rule to be considered in a following section. 

The increased resolution of the spectra upon cooling, shows itself in 








the doubling of many bands which appear single at + 20°; an effect 


which is particularly noticeable in the absorption spectra. 


Thus the y, } 


series of the potassium salt tends to double at 2058.0 and “becomes 


clearly double at 2128.1 and 2199.3. 


The 6, and e, series of the same 


salt are doubled and the Ba series of + 20° which was assumed from 
the relations of the spectrum to be an unresolved doublet is separated 


into a By and an ay series at — 185°. 


Other examples of doubling may 
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be noted in the case of ¢,, y,, a, and 6, of uranyl ammonium chloride, 
Qo, @» and B, of the rubidium salt and By, d, and 4, of the cesium salt. 


ON THE FREQUENCY INTERVALS OF FLUORESCENCE AND ABSORPTION. 

During the preliminary study of the fluorescence and absorption of 
uranyl ammonium chloride the symmetry of the spectrum was such 
as to lead to the suspicion that the various homologous series would be 
found to have the same constant frequency interval. The final tabula- 
tion of results,! however, after many redeterminations of what seemed to 
be discordant values, showed that while the departures from uniformity 
were in general scarcely larger than the errors of observation they were 
to some extent systematic and indicated slightly different values for the 
various series. The c bands in particular which were a composite of 
what in these later studies we have designated as c, and c, of the polarized 
spectrum were found to have an unquestionably smaller interval than 
the other series of the group. 

It will be seen from Table III. that this is true for both c, and cy in the 
case of all four salts at + 20° and that with the possible exception of ay 
which is an exceedingly feeble component, visible only in two of the 
salts and very difficult of determination, all other series are very nearly 
of the same interval not only in the same salt but in all the salts. When 
however we make further averages of the average intervals from Table 


TABLE III. 
Average Frequency Intervals. + 20° C. 


Fluorescence Series. 





Green Component. White Component. 

Series. K NH, Rb Cs Series. | K NH, Rb Cs 
ee mee Tae 82.9 |i Dde..... 83.0 83.4 83.6 82.9 
ee 81.9 82.8 82.2 Ba NGeiieres 82.1 82.9 83.3 82.8 
"ee 83.0 83.5 83.1 Be adusaiwalvas wanulewakseeeonurahina seen 
ee 83.2 83.3 83.5 S33 |l€u......| 83.5 83.1 83.5 83.1 
eee 83.4 83.8 83.2 82.9 || dw. ee ee 82.9 82.4 


Absorption Series. 





K NH, Rb Cs K NH, Rb Cs 
DiiscncnidliemncianRenimeenibamiaic 70.5 || By...... 7.5 71 70.4 | 70.8 
Pike aww 71.3 70.7 71.2 70.6 Mas aiace 71.3 i 70.0 70.5 
Belen Bt Fe of 7 ee ee eee ee See 
Ma sca ss 70.8 70 ) es Digiiacan 70.4 71.7 70.8 70.4 
eee | 70.7 715 71.1 70.8 iti cicwn 71.5 114 70.4 71.4 


1 Nichols and Merritt, Puys. ReEv., 2, VI, p. 358. 
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Average Frequency Intervals. — 185° C. 


Fluorescence Series. 


White Component. 





Series. K | NH, | Rb Cs Series. | K | NH, Rb Cs. 
ae | ED fonesis ¢ 2. ee 84.1 | 84.1 83.2 | 83.6 
ie 82.5 | 83.4 | 82.6 | 82.2 |lcy...... 84.8 | 844 83.9 | 83.3 
: eee 0 ec ian wanelacemnvulacaacettanneees 
ee ons | GAS |....... ma Ba,.....: ORS Dewey 83.1 
RS 84.1 | 84.4 | 841 | 841 |lay..... “eo 83.1 | 84.1 








K NH, Rb Cs | K NH, Rb Cs 
| ARE Pane Memsereree: 70.9 | 70.5 || Bw..... 71.3 71.3 70.8 70.6 
te sais 71.5 70.9 70.7 TAS be. ..-- 69.8 70.6 70.3 70.7 
“Ee 70.3 71.1 | 71.3 | 2 Se CSP Ree es Sa eee een 
eer 71.8 _) @ eee 71.0 || ew......| 71.4 70.7 71.1 | 70.9 
Pe tics, 71.0 | 70.9 | 70.6 | 744 dae. :: eee ees 70.6 





III., taking the mean of all green components of fluorescence, then of 
all white components, for each salt separately; and do the same for 
the absorption intervals we find an approach to systematic arrangement 
which is suggestive if not altogether conclusive. (See Table IV). 





TABLE IV. 
General Averages of Intervals (By Salts). 

Fluorescence. 

— NH, | K Rb Cs 
| | a a - — 
Green + 20° and — 185°........ | 83.60 | 83.25 83.25 83.19 
White + 20° and — 185°...... oa 83.78 | | 83.43 83.42 _ 83.16 
All Fluorescence ................ | 83.69 | 83.34 83.33 83.17 
| 

Absorption. 
Green + 20° and — 185°........ 70.99 71.07 70.96 70.74 
White + 20° and — 185°........ - 71.02 : 70.96 70.55 70.70 
All ADSOUPTION . ... o.oo sc ceeee ss 71.00 71.01 70.75 70.72 


Both components of the fluorescence spectrum show an average 
interval in the inverse order of the molecular weights and while the 
absorption series do not give so decisive an indication the salts of lesser 
molecular weight NH, and K show again a longer interval than do Rb 
and Cs. Averaging by series affords no such direct indication as to 


ba 
. 


differences of interval; as will appear from Table \ 
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TABLE V. 
General Averages of Intervals (By Series). 
Fluorescence. 
Series. Green Series | White _ 
2S —-— + - - | — 
+20° | — 185° Av. +20° | — 185° Av 
Wiis ica avait 83.33 83.37 83.35 ee 83.37 | 83.05 83.17 
Mere 83.70 83.70 Dasa cwn 83.23 | 83.75 83.49 
Cescsaca| Bae 84.18 83.72 Disk cat 82.80 83.73 83.74 
es 83.83 83.53 i ee Tas. eee See 
Tee 82.38 82.68 _ y 82.53 Geiciess 82.78 | 84.10 83.44 
ae 83.05 83.54 a (83.37 Te 83.05 | 83.66 83.36 
Absorption. 
+ 20° — 185° Av + 20° — 185° Av 
Biss seis 71.07 71.40 71.23 hive ecw 70.82 71.02 70.90 
| See) eee ee ee reer ie sia kwa 71.00 71.00 71.00 
a neha: sie uy 71.02 70.90 70.96 se esaik 70.90 70.70 70.80 
Oo 70.58 71.02 70.75 ES, CEE ee, Se eee ee 
Wiis ce da.c 70.95 70.98 _ 70.96 Yu 70.50 70.35 = 70 42 
Ee 70.90 71.07 | 70.97 | Av...... 70.81 70.77 70.78 











It will be noted that while the averages for the green and white com- 
ponents of fluorescence are in very close agreement at + 20° and also 
at — 185° there is a difference of about 0.5 between the averages for 
+ 20° and those for — 185° also that the interval is greater for each 
individual series at — 185° than at + 20° with the single exception of ew. 
This difference does not appear however in the case of the absorption 
intervals. 

On the other hand differences so large are not to be regarded as errors 
of observation it being possible to determine the average interval of any 
series, excepting possibly a, and a, which are very weak and rather 
vague, within about 0.2. It does not follow however that the bands are 
really thus irregularly placed. The discrepancies are due rather to the 
fact that resolution is not equally complete in all portions of the spectrum 
and that on cooling the crystal structure was more or less disturbed 
and the polarization always much less complete. The anomalous 
values, above 84 frequently observed at — 185° (see Table III.) are 
probably due to varying components of the opposite polarization super- 
imposed on the bands in question and producing a false shift. Thus for 
example the position of c, would be modified by the presence of the 
overlapping of d, or cy; d, by c,, etc. In short it is probable that if 
observations could be had on crystals which at — 185° preserved their 
structure the difference in interval between + 20° and — 185° would 
disappear. 
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THE INFLUENCE OF MOLECULAR WEIGHT UPON THE POSITION oF BANDs. 


- oo 


While some doubt may be felt as to the validity of the suggestion, 
based upon the averages presented in the foregoing paragraphs, that 















































18|o0 " 19/00 N 20jo0 I 2100 ¢ 
URANYL POTASSIUM CHLORIDE C —185° ' 
Cc - 
a d ,; BEX VY VEX VY 
GREEN | Cay | eal | Prt or ogy 
_ era ee a 
b f b . t c ExB VY EXC Y 
WHITE | ea | ea | ery UU EE 
| em ii | 2 Meet 
rt | Jd 
URANYL AMMONIUM CHLORIDE 
" C ¢ 2 
| 4 | d. j 4€% V Ea Y¥Y 
ia cr 
: ; TH Wl mi 
» wf 4 ¢ €@ YY € 86 
gb 6 f t i oY 
acco { in oe oe Te oe Leh ; i+ 
URANYL RUBIDIUM CHLORIDE 
2 
tee 18 oe lf os LA ti d 3 
l | if | Lt mi f | ii | 
3 Cc C 
L 6b €¢g@ VY € 8 
i a | | | | 
URANYL CAESIUM CHLORIDE 
VY 2 €06 Y 3 E46 
—_ | dé e¢ | 4 iit__| Ht 1 tit 
© C C 
b eat | L WW € Ae vy & BK 
wine f | oe iti fe Tif 
pee ewe 
18|oo i 19l00 1 20}00 l 2iloo 





Fig. 7. 


there is a relation between frequency intervals and the molecular weight, 
there can be no question as regards its influence upon the position of the 
bands. 

If we select a typical region in the spectrum and arrange the bands 
belonging to a single group as in Table VI. we find a general drift of the 
various bands towards the violet as we pass from salt to salt in the order, 
K, NHg, Rb, Cs. 

The same drift occurs quite systematically throughout the entire , 
fluorescence and absorption spectrum as may be seen from Fig. 8. In 
this chart such of the fluorescence and absorption series as are 
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1 Within experimental error. 
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TABLE VI. 
Green Polarization.—185°. 
; fo oe 7 d, —_ &9 oad ay 7 
rrr 1903.3 1842.3 1940.8 1868.8 
ree 1911.7 1843.5 1941.0 1868.1! 
Ni a, @: sens was 1912.0 0 Wee teS aires 1874.8 
See re - 1916.8 1852.3 1950.3 1878.5 
White Polarization.—185°. 
bw Cw Cw aw 
be cmasekies 1891.4 1911.7 1854.9 1870.9 
a 1894.1 a SR Cer e: ne ee eee 
_ Seen 1895.9 ee. tiganmpsommitames 1879.2 
1899.8 1924.6 1862.5 1879.9 
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present in all four salts at + 20° are plotted on the frequency 
scale. The solid lines represent observed fluorescence bands; the dotted 
lines represent observed absorption bands; no hypothetical values are 
indicated. The order of the salts is the same as in Table VI. and follows 
that given by A. E. Tutton in his Treatise on Crystalline Structure and 
Chemical Constitution (London, 1916). He found for both single and 
double salts of the alkali metals that several of their optical properties 
such as refractive index, etc., follow the order of the molecular weights 
but that in the ammonium salts the NH, radical often acts as if it were 
much heavier than the combined weights of its components would indi- 
cate so that its position is quite close to rubidium and sometimes on the 
side towards cesium. It will be observed that there are several ex- 
amples of this in Fig. 8; particularly in the case of the c, series. 


SUMMARY. 


1. A previous study of the polarized spectrum of uranyl ammonium 
chloride has been extended to include uranyl potassium chloride, uranyl 
rubidium chloride and uranyl cesium chloride. 

2. These four salts crystallize in the triclinic system. The crystals 
are pleochroic and their fluorescence spectra and absorption spectra are 
polarized. 

3. The spectra differ from those of other uranyl compounds, thus far 
examined, in that both in the fluorescence and absorption regions each 
band is resolved at + 20° C. into a group of five bands forming homo- 
logous series of constant frequency-interval. 

4. The structure of the fluorescence spectrum is essentially the same 
in the different salts; the spacing of the bands of each group repeating 
itself in the successive groups excepting in the reversing region the 
appearance of which is modified by the overlapping of fluorescence and 
absorption. 

5. Each of the five bands, which constitute a group is a doublet the 
two components of which are polarized at right angles to one another. 

6. The frequency interval is the same or nearly the same for each 
series in a given salt. 

7. Variations in the average interval for the four salts are scarcely 
greater than the errors of observation but there are indications of a 
very slight decrease of interval with increase of molecular weight and 
this applies alike to fluorescence and absorption series. 

8. The position, in the spectrum, of a given band varies slightly but 
systematically with the molecular weight of the salt. The order of 
diminishing wave-lengths is K; NH4; Rb; Cs; the shift from K to Cs 
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No. 


being of the order of five Angstrom units. This shift is in the same direc- 
tion—from red towards violet—for all the homologous series and of the 
same size within the errors of observation. 

g. Cooling to the temperature of liquid air produces the usual narrow- 
ing of bands, apparent shifts of position and apparent changes of interval; 
all of which changes are explained by the relative enhancement or 
diminution of components of the bands. 


PHYSICAL LABORATORY OF CORNELL UNIVERSITY, 
June, 1916. 
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THE MEAN FREE PATH OF AN ELECTRON IN A GAS AND 
ITS MINIMUM IONIZING POTENTIAL. 


By Kart T. COMPTON. 


NTERESTING conclusions result from a consideration of the gas 
pressure at which the current through an ionized gas reaches its 
maximum value. At very low pressures the electrons acquire large 
velocities in the intervals between collisions with gas molecules and there 
is great probability of ionization at each collision, but the number of 
collisions is so small that no considerable increase of the current occurs 
as the result of ionization. At high pressures, on the other hand, there 
are many collisions but small probability of ionization. There is evi- 
dently some intermediate pressure at which the rate of production of 
new ions by collision is maximum for any given value of the electric field. 
It is possible to calculate the value of this particular pressure required 
by each of the various theories of ionization by collision which have been 
proposed and to compare these calculated values with those actually 
observed. Such a test of the theories has an important advantage over 
the usual comparison of predicted with observed values of a@ in that it is 
independent of the distance between the electrodes in the gas and is 
therefore not subject to the error in calculating @ introduced by the fact 
that all the electrons leaving the cathode travel a certain distance through 
the gas before any of them acquire the minimum ionizing velocity. 
The current through a gas, when a ionizing collisions are made on the 
average by each electron in a centimeter path, is given by Townsend’s 
equation 
i = ine”, (1) 
where d is the distance between the electrodes and 7» is the current which 
would pass in a perfect vacuum. If V represents the potential difference 
between the electrodes and V» the minimum ionizing potential, it is 
evident that none of the electrons emitted by the cathode are able to 
ionize until they have moved a fraction Vo/V of the distance toward the 
anode. Thus, as Partzsch' has shown, the current is more accurately 
expressed by 
4 _ égg'—" ry) (2) 


1 Ann. d. Phys., 40, p. 157, 1913. 
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Both of these equations neglect ionization due to collisions by the positive 
ions, which is known to introduce no appreciable error within the range 
of values of V and d and the pressure p considered in this paper. 

For any fixed values of the distance d and the difference of potential 
V between the electrodes the current is obviously maximum when a is 
maximum. It is our problem, therefore, to discover the pressure pm 
at which a has its greatest value. 

According to an equation recently proposed by the writer,! a for the 
ordinary gases in which the collisions are of the inelastic type is given by 


a = PN», (3) 


—( pyP¥o NV V 
poe rege Pni(—a+py ee). @ 


In these equations p represents the pressure in millimeters, N is the 
average number of collisions made by an electron while moving one 
centimeter through the gas at one millimeter pressure, P is the proba- 
bility that an electron will ionize a gas molecule when they collide and 
X is the electric intensity V/d. Ei( ) represents the exponential integral, 
values of which are given in Laska’s Sammlung von Formeln. 

From these equations we may find , by setting the derivative of a 
with respect to p equal to zero and solving for p in the equation 


da . dP 
ig = N(P +245) =o (5) 

In order to differentiate P by p it is convenient to write equation (4) 
in the form 


Pn og ANUS (OE OE ay 


Vo 

















whence 
—_— = e+ PNVo, dP Punile 
ps ~~ [ « + P) > rap |e ¥ 
NVo , NV: NV, 
+[orn®y ae pet (- a+r 
ie a pNV dP] -a+y22? 
“X dp at av. 





When the last term is scat it is found to cancel the first term 
leaving, after solving for the term of the left member, 














PNVo PNVo 
ap (OtP) SCE i(-a4+ P55 
dp  _ pNVo,, pn 

I xy F Ei(- (1 + P) x | 


1 Puys. REv., 7, 1916. 
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When we substitute this expression in equation (5), reduce to a common 
denominator and simplify, we obtain 





PNVo ‘ PNVo 
p+ oni(-a+~y)2 4 _ 
PNVs », pNVs 
~- Ei(-(@+P) : 


Since the denominator of this fraction cannot be infinite the numerator 
must equal zero, whence 
= eek d ) =0. (6) 
xX X 
In order to solve this equation it was set equal to x and x was plotted 
as a function of pNVo/X, the values of x being determined by the aid 
of equation (4) and tables of values of Ei(). The intersection of this 
curve with the axis x = 0 gave the solution 


NV 
Pr = 0.655. (7) 





P+ Bi(- (1+ P) 


We may therefore predict the pressure ~» at which the current through 
the gas is maximum by the relation 
0.655X 
Pn = NY, ’ 
where the product NV, is characteristic of the gas, being known as 
Stoletow’s constant. 


(8) 


By an extensive and apparently very reliable work Partzsch! has 
determined the values of p,, for several gases in electric fields of various 
intensities. In Tables I-IV. I have substituted his experimental values 


TABLE I. 
N2. 
Mean NVo = 225.4 + 0.6. 











V d xX Sa NV, 
124.2 0.208 597 _ 1.70 230 
123.4 0.208 593 1.73 | 225 
165.9 0.208 797 2.32 | 225 
165.2 0.208 795 2.30 225 
208.3 0.208 1,002 2.80 | 225 
248.5 0.208 1,196 3.45 227 
123.9 0.052 2,384 7.00 | 224 
123.8 | 0.104 1,190 3.58 | 218 
124.1 | 0.208 | 597 1.70 | 230 
123.9 | 0.416 | 298 0.86 | 226 
123.9 0.832 | 


149 0.43 226 





1 Loc. cit. 











































VOL. rarns 
No. 4. 


of X and pm in equation (8) to calculate the product N Vp. 
of each table is given the mean value of NV» and its probable error. 
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At the head 


The 


constancy of the product NV» deduced from different measurements on 


the same gas is remarkable. 

















TABLE II. 
Os. 
Mean NVpo = 175.8 + 0.7. 

V d x . bm 
121.7 0.208 585 2.18 
159.4 0.208 767 2.90 
157.5 0.208 758 2.75 
200.0 0.208 963 3.65 
241.6 0.208 1,161 4.25 
121.5 0.104 1,170 4.30 
121.5 0.208 585 2.20 
121.6 0.416 293 | 1.11 

TABLE III. 
Air. 
Mean NV»o = 223.0 + 1.2. 

- plu d XxX | Dm 
123.0 0.208 592 1.73 
163.5 0.208 787 2.30 
202.9 0.208 976 2.90 
242.8 0.208 | 1,167 3.43 
285.0 0.208 | 1,371 4.00 
324.0 0.208 | 1,557 4.30 
121.5 0.052 2,339 6.90 
121.5 0.104 1,169 3.47 
173.35 0.208 | 584 1.74 
1215 | 0,416 292 0.89 

TABLE IV. 
CO>2. 
Mean NVo = 236.6 + 3.4. 

vr d X re 
121.7 0.208 592 1.71 
162.5 0.208 | 782 2.13 
203.5 0.208 979 2.57 
244.5 0.208 1,175 3.05 
279.9 0.208 1,347 3.55 
320.5 0.208 1,542 4.10 
120.7 0.052 2,320 6.90 
120.7 0.104 1,160 3.40 

0.208 520 1.72 


120.7 








215 


176 
173 
180 
173 
179 
178 
174 
173 


NV 


224 
224 
221 
222 
224 
237 
222 
221 
220 
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Comparison of these results with the values of N and Vo predicted by 
the former application of the theory is possible in the case of nitrogen and 
carbon dioxide. The values of the products N Vo from the previous papers 
were: nitrogen, 226; carbon dioxide, 246. When one considers the large 
range of fields and pressures represented and the fact that the two sets 
of data were taken under different conditions and for different purposes, 
this agreement must be taken as a strong confirmation of the essential 
correctness of the equations. 

Experimental determinations of N are being made by Mr. Benade 
and the writer. The results indicate that N is not a simple function of 
the mean free path of a gas molecule or of the molecular dimensions as 
calculated by the kinetic theory, but that N depends on the work done 
on the electron as it approaches a molecule and on the nearness of its 
approach. These quantities depend, in turn, on the law of force between 
electrons and molecules. In view of these results, which will soon be 
published, it is necessary to modify to some extent the interpretation of 
the quantity N (or v) which appears in the expressions for a. The dis- 
tinction between approximately elastic and inelastic impact still appears 
to be a valid one, and the new results suggest the physical nature of the 
two types of collision. 


PALMER PHYSICAL LABORATORY, 
PRINCETON, N. J. 
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THE REFLECTION COEFFICIENTS OF METALS FOR THE 
POLARIZED COMPONENTS OF LIGHT. 


By R. B. WILSEyY. 


NUMBER of observers have determined the reflection coefficients 
at normal incidence for various metals. In some cases the agree- 





ment between different observers is excellent; in others it is very poor, 
the discrepancy mounting as high as fourteen per cent. Such a differ- 
ence is much greater than can be attributed to experimental error. 
These discrepancies exist not only between those determined polari- 
! metrically and those determined spectrophotometrically, but also 
| between the various polarimetric values. The reasons for these dis- 
crepancies as determined by different observers have been summarized 
by Tate.! 
Tate having made mirrors of gold and copper by electroplating upon 
speculum metal, could not obtain surfaces of the same metal whose 
| reflection coefficients agreed within one per cent. All the evidence 
obtained indicates that the optical properties of a metal surface are not 
characteristic of the metal alone, but also of the particular surface under 
investigation. Hence it is to be expected that reflection coefficients 
| determined for different mirrors of the same metal, will, in general, 
not agree. 

It follows then that the observed discrepancies between the reflection 
coefficients of metals measured photometrically and those calculated 
from polarimetric measurements do not necessarily invalidate the 
theory by which reflection coefficients are calculated from measurements 
of the ellipticity produced in plane polarized light by reflection from the 
polished surface; since the determinations have always been made, for 
the two methods, by different observers upon different mirrors. 

In order to test more rigidly the validity of the theory of metallic 
| reflection, Tate compared the reflection coefficients at normal incidence 

obtained by both the polarimetric method and the photometric method 
upon the same mirrors. His polarimetric measurements were made 
r by a Tool? polarimeter, and his photometric measurements by a Brace 


1 Tate, J. T., Puys. REV.,. 34, p. 240. 
2 Tool, A. Q., PHys. REV., 31, p. I, 1910. 
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spectrophotometer provided with a special reflecting device. He tested 
mirrors of steel, silver, gold, copper and fuchsin, and found excellent 
agreement between the reflection coefficients obtained polarimetrically 
and those obtained photometrically. He concluded that the polarimetric 
determination of metallic reflection coefficients for normal incidence 
was reliable and found further, that the errors of his measurements 
showed the polarimetric method was much more accurate than the 
photometric method. 

The purpose of the present investigation was to test more completely 
the adequacy of the polarimetric method of determining the reflection 
coefficients of metals, by extending the investigation to the component 
vibrations parallel and perpendicular to the plane of incidence, at various 
angles of incidence. The method followed here was the one used by 
Tate, namely, the practically simultaneous determination of the reflec- 
tion coefficients of the same mirror by the polarimetric and the photo- 
metric methods. The apparatus was the same—the Tool polarimeter 
and the Brace spectrophotometer with the special reflecting device. 


PHOTOMETRIC. 


The only addition here was the introduction of a Glan air nicol NV 
(Figs. 1 and 2) in the reflecting system to polarize the light incident 











Observing 
Telescope 
Fig. 1. 


upon the mirror. This nicol could be rotated through an angle of 90° 
and hence provide light polarized either parallel or perpendicular to the 
plane of incidence. M’Connel’s method! of an auxiliary nicol mounted 
upon the table of the rotating reflecting system was used for determining 
the correct positions of the polarizing nicol. 

1M’Connel, J. C., Phil. Mag. (5), vol. 19, p. 317, 1885. 
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A complete description of the special reflecting device is given by Tate. 
A brief summary will suffice to indicate the scheme by which photo- 
metric measurements at various angles of incidence were made. Fig. I 
shows a plan of the Brace spectrophotometer and the reflecting system. 
Fig. 2 shows an elevation of the reflecting system alone. The light 
source was a flat acetylene flame. Light from a very small area of this 
flame was focused by lenses upon the collimator slits S; and S2 (Fig. 1). 
The mirror surface M was mounted on the center of the table of the re- 
flecting system. Light from the source, after passing through the lens, 
struck first the fixed prism A (Fig. 2), was successively reflected by 
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Fig. 2. 


prisms A, B, C and D, and the mirror M—then fell on the slit S, (Fig. 2). 
The light was plane polarized by passing through the nicol N after re- 
flection from the prism D. The prisms B, Cand D were fixed relatively to 
each other and rotated about the axis AB of the system. Light was first 
directed into the slit without the mirror—along the path BC’D’—then 
by reflection from the mirror—BCD. This system insured equality of 
optical path for all angles of incidence on the mirror and also without it. 
Both the comparison and the test fields of view in the observing telescope 
were illuminated by the same small area of the flame, so that any vari- 
ation of intensity of the source affected both fields alike, hence no error 
could be produced thereby. When the apparatus was in proper adjust- 
ment, no fluctuations in intensity could be observed in the field of view. 
Measurements of relative intensity were made in the usual way by means 
of the graduated sectors and the adjustable slits S; and S2. It is essential 
that these slit widths be very nearly the same. 

The reflection coefficients obtained by means of this apparatus had 
a probable error of 1 to 2 per cent. Determinations of reflection coef- 
ficients by means of the polarimeter were made with about ten times this 
accuracy. 

Formule.—The theory of metallic reflection gives the following equa- 
tions for calculating the refractive indices and the absorption coefficeints: 

sin 6 tg 8 cos 2y cos 2 


My, = — : 
4 I —cos2ysin2y ’ 
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sin 6 tg @ sin 2y 


Mokg = : 
ere I — cos 2y sin 2y’ (1) 
tg 2y 
we Ses oi 
cos 27 


in which mg, is defined by the equation m, = vg cos p, where v9 is the 
refractive index of the medium at the angle of refraction p and the 
corresponding angle of incidence 6. The quantity 2y is a measure of 
the ellipticity of the reflected light defined by the relation, 


E =tgy, 


where £ is the ratio of the minor to the major axis of the ellipse. The 
quantity y is the azimuth of the major axis of the elliptic vibration 
measured with the plane of incidence as the plane of reference. The 
quantity x, is the absorption coefficient of the medium for the angle of 
incidence @ such that e°"*¢ gives the ratio of the amplitudes of the vibra- 
tion at two successive points of equal phase on any normal to the planes 
of equal amplitude. When light is incident in a transparent medium 
upon a plane metal mirror, the planes of equal amplitude are parallel 
to the boundary surface. 

The relations between mg», mx, and xg for the angle of incidence @ 
and the corresponding constants of the medium at normal incidence 
are given by Ketteler’s equations: 

20° = (me — mere? + sin? 6)? + 4mg'xg? + (me? — m,’x,?+ sin? 4), 

wees (2) 
2veKg? = V (me? — mee? + sin? 8)? + 4my'xe? — (me?— mexe?+ sin? 4), 
ame = V Gd = vod — sin? 0? + qvdad + (ve? — voted? — sin* 6), 
nba (3) 
2M¢"ke" = Vo (v6? = VorKo" — sin? 6)? + 4V0'K¢ = (v0? = VorKo- an sin? 6). 

For convenience in computation, these may be expanded into the 
following series formulz, which for all cases used below were accurate 
to within 0.05 per cent. 


” [ 4 sin? 6 
ro MOLT ome(t + Ke) 
7 Merk ‘) sin‘ 6 ] 
2\me7(1 + ko?) 4/7 mi(1 + K,?)? F 
(4) 
_ [ _ sin? @ 
reo OL ome (EF Ke?) 
diz ( __ me itt _sint@ ] 
2 m,?(1 a Kg") 4 me*(1 + Ke")? p 
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sin? 6 


= I-_ * 
~ vol 2ve(I + Ko”) 


+ I ( VorKg- I ) sin4 6 | 
2A ve(1 + xo?) «47 vot(1 + Ko?)? : 


[ 4 sin? 6 
Moka = Voko| I 
_ 2ve?(1 + Ko?) 


(5) 


+2({” _ ‘) sint 6 ] 
2 yer(I + Ko’) 4 vo'(1 + Ko")? ; 

The principal incidence @ and the principle azimuth y were calcu- 
lated by the following approximation formulz: 


.c -_ - : I vor 2(1 = Ko) sin? 8 
sin 8 tg = v'(1 + xo’) [:- 2 yor(1 + Ko) voe(I + Ko?) . 
+2( _ (—*))— sint 0 ] 
+3 : 3 I+ Ko" vo'(1 of Ko") ; 
(6) 
: 2y = wo [ 1+, sin? 0 isi Vor sin! @ 
i ' yoX(1 + Ko?) | voX(1 + Ko?) vol(I + Ko?)? 


 ' 


The reflection coefficient for the component of the electric vibration 
perpendicular to the plane of incidence is 


(me _— cos ; 8)? + mo?k6? i) 
(my + cos 0)? + mg2ke?’ 7 


for the component of the electric vibration in the plane of incidence, 





J, = 


— (mg — sin 0 tg 0)? + me? 
ee oe (me + sin 0 tg 6)? + Me"Ke" 

For normal incidence (6 = 0) both these equations reduce to the 
standard form of the reflection coefficient at normal incidence, namely 
_ vor(t + xo’) + 1 — 20 ) 
vo(I + Ko?) + 1 + 200° 


(8) 





EXPERIMENTAL RESULTS. 

Steel.—Observations were made on a steel mirror taken from a KG6nig 
tuning fork. This mirror which had an excellent plane surface was 
thoroughly cleaned, then rubbed slightly with chamois and rouge before 
the observations were made. On account of the small ellipticity pro- 
duced at small angles of incidence, and the difficulty of measuring such 
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ellipticities accurately, the smallest angle of incidence used was 40°. 
Table I. gives the results obtained, for the wave-length 580uy showing 
the magnitude of the reflection coefficients calculated from the polari- 
metric measurements (columns 7 and 9g), and those directly observed 
with the spectrophotometer (columns 8 and 10). It is seen that the 
most consistent values for vo, voxo and xo are given for angles of incidence 
of 40°, 50°, 60° and 70°. These constants were calculated from the 
corresponding mg, mek and x, by equations (4). The average values of 
Yo, Yoko and xo for these angles were taken as the most probable and 
given in the table under the incidence angle 0. The values of mg, mox,g 
and x, for the angles of incidence 10°, 20°, and 30° were calculated from 
the average vo, voko and xo by equations (5). 


TABLE I. 
Steel Mirror, X = 580up. 








-| @ ay “0 i) cZfe. | ols. fe. ro 7 ~~ | “ane 
0 | 2.360 | 1.360 | 3.214 | .560 | .555 | .563 558 

10 2.358 | 1.365 | 3.217 | .569 | .555 | .558 |.547 | | 

20 | 2.351 | 1.372 | 3.226 | .578 | .573 | .536 |.541 

30 | 2.345 1.382 3.239 .609 | .599 | .514 |.509 | 


° ° 
40 | 99.08) 12.42 2.337) 1.395 | 3.259 .645 | .634 | .473 |.470 2.367 | 1.359 | 3.217 
50 (105.48) 20.67 | 2.320 1.413 3.278 .677 | .685 | .407 |.408 | 2.363 1.362 | 3.218 
60 (116.54) 32.55 | 2.298 | 1.429 | 3.283 | .753 | .746 | .342 |.340 | 2.353 1.363 | 3.207 
70 (141.26, 48.30 | 2.294 | 1.439 | 3.302 | .825 | .811 | .261 |.262 | 2.359 1.362 | 3.212 
75 |169.04 55.08 2.273 1.459 3.318 .863 | 869 | .242 |.240 | 2.341 | 1.377 | 3.222 
80 211.25 51.28 | 2.255 1.459 3.290; .905 | .895 | .277 |.270 | 2.326 1.372 | 3.190 
82.5'230.65, 42.85 2.234 | 1.463 | 3.269 | .927 | .930 | .339 |.338 | 2.306 1.374 | 3.167 
85 245.82 30.78 2.247 | 1.454 | 3.267 .957 | 1 | 456 | 1 | 2.320 1.365 | 3.165 





6 = 76°.42 y = 27°.63 


Fig. 3 shows the curves in which reflection coefficients are plotted 
against angles of incidence. The clear circles represent values calcu- 
lated from polarimetric measurements; the black circles represent values 
observed upon the spectrophotometer. 

It is seen that the observed and calculated values of the reflection 
coefficients agree within the errors of measurement. The average 
difference between calculated and observed values is I per cent. and the 
maximum difference is 2.5 per cent. It will be noticed, however, that 
the values of vp and voxo given by polarimetric observations at different 
angles of incidence do not agree within the errors of measurements; 
there is a marked decrease in the values of vp and vox) for the larger 


1 Photometric observations on the mirror at this incidence could not be obtained on account 
of the small effective aperture of the mirror. 
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angles of incidence. At @ = 85°, the value of vo is 1.7 per cent. less 
than the accepted value for that constant (mean of four best values), 
and yoko is 1.6 per cent. less than the accepted value, while the instru- 
mental determination of any one of these quantities is correct to within 
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.I percent. It follows then that the theory (Ketteler’s equations) giving 
the relations between the various refractive indices and absorption coef- 
ficients for the different angles of incidence does not hold within the 
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errors of measurement especially for angles of incidence larger than 70°. 
This discrepancy is also indicated by the fact that some of the calculated 
reflection coefficients lie farther from the smooth curve than the error 
in their determination would allow. This must arise, of course, from 

















—E —EE 








SECOND 
398 R. B. WILSEY. SERIEs. 


imperfections in the mirror. It seems quite likely that polarimetric 
measurements on the mirror at any angle of incidence should give correct 
reflection coefficients for that angle of incidence; but the calculation of 
the constants for other angles of incidence (using Ketteler’s equations) 
might not give correct values—the errors being especially large for large 
angle of incidence. However, the observations show that the theory 
holds very well for mirrors as perfect as we were able to produce. 

Table II. gives the results obtained from the same mirror by keeping 


TABLE II. 
Steel Mirror, 0 = 60°. 





“7 | ” in: “@ “00 Cale. | Obs. hie. | Os. 
500 117.47 | 35.50 2.030 1.543 3.132 749 | .736 | .339 | .341 
540 116.83 | 33.85 2471 1.487 3.226 to. | £44 | 342 | 337 
580 116.25 | 32.47 2.301 1.439 3.308 754 | .746 | .344 | .342 
620 115.64 | 31.47 2.396 | 1.415 3.389 759 | .754 | .349 | .343 
660 114.98 30.60 2.482 | 1.400 3.475 762 | .755 | .356 | .356 


the angle of incidence constant and varying the wave-length of the 
incident light. The angle chosen was 60° and observations were made 
at five points in the spectrum. The observations were taken about 
three weeks after those of Table I. The mirror was slightly repolished 
before the observations were made. Fig. 4 gives the curves obtained by 
plotting these reflection coefficients against wave-lengths. These data 
show good agreement between the calculated and observed values. 


TABLE III. 
Gold, X = 620mm. 
2, L pK J, “8 | SP “AP v K VoK 
, | ay ” 8 0 "6 | Calc. Otis. | AP | obs. “ 
0 3104 10.03 3.108) .891  .880 | .891 |.883 
20} . 3086 10.15 3.126, 898  .884 | .884 |,877 


40 | 91.95 19.15 .3104 10.20 3.167 .916 .912 | .859 |.862 .3169| 9.79 3.102 
60 | 96.17 49.37 | .2977 10.85 3.228; .943 | .942 | .819 |.815 | .3089 | 10.07 3.109 
70 |111.23 75.73.2993 10.86 3.248 .963 .972 | .805 |.804 .3125| 9.96 3.108 
80 |260.83 60.37 .2956 11.04 3.262! .980 .987 | .836 |.828 .3098 10.04 3.108 
85 267.00 31.52.2744 11.72 3.215 .989 .978 | .905 |.901 | .2884 | 10.60 3.055 


@ = 73°.62 y = 42°.40 
Gold.—A gold mirror was made by electroplating with gold cyanide 


upon polished speculum metal and afterwards polishing the plated 
surface with chamois skin and rouge. Several mirrors were made by 
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TABLE IV. 
Gold, 0 = 60°. 
a —- — 
" ” ” ™@ “0 ere | cule, ots. a. ove. 
500 | 13892 | 59.89 | 8461 | 2.287 | 1.936 | .717 | .683 | .314 | .332 
540 112.33 61.37 | .4904 4.820 | 2.364 | .849 | .832 | 588 | .595 
580 100.33 54.80 3582 7.903 | 2.831! .918 | .908 | .746 | .743 
620 96.30 49.45 | .3024 | 10.65 | 3.221 .945 | .942 | .818 | .818 
660 94.50 | 45.22 | .2783 | 12.84 | 3.575 .960 | .943 | .859 | 848 
6 = 80° | 
—_ 258.92 45.72 4448 5.334 | 2.373 | 949 | .964 | .723 | .720 
ee Pi 95.30 36.01 3506 | 7.870 | 2.759)| .896 | 891 | .772 | .769 


this method and for the observations one was chosen which had a very 
brilliant and smooth surface. Measurements were made at a wave- 
length of 620uu, varying the angle of incidence; and, at an angle of 
incidence of 60°, varying the wave-length. These results are given in 
Tables III. and IV., and are shown graphically in Figs. 5 and 6. The 
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average difference between observed and calculated reflection coef- 
ficients is I.I per cent. and the maximum is 5.7 per cent. This latter 
exceptionally poor agreement occurs for the two reflection coefficients 
at 9 = 60°, \ = 500up, values that lie on the steepest portions of the 
curves. Omitting these two values, the average difference between 
observed and calculated magnitudes is .8 per cent. and the maximum 
1.8 per cent. Similar to the case of the steel mirror the most consistent 
values of vp and yoko are given at angles of 60°, 70° and 80°, while those 
for 85° are low. ‘This seems to indicate that imperfections in the surface 
have greater effect when viewed at the largest angles of incidence, where 
the roughness or pits in the surface would of course make up a larger 
part of the visual area. 

The smallest angle of incidence at which reliable polarimetric observa- 
tions could be made was 40°. The values of the constants for 0° and 20° 































400 


R. B. WILSEY. 


SECOND 
SERIEs. 


were calculated therefore from observations at 60°, 70° and 80° by equa- 


tions (4), (5), (6) and (7). 


It will be noticed that in the cases of both steel and gold, the minimum 


of J, is very nearly at the principal angle 6. In fact, the principal angle 


is at the maximum of the ratio J;/J,, which is the same as saying that 





















(00 
gob Js 
80} 

_— 

& 

SS 
ors 

G 
SOF S 

_— 

.S) 
40-8 

v 

€ 
30 
20+ 
sob 

Wave Length 
0'—soo 540 580 620 660 Me 
GOLD, 6=60° 
Fig. 6. 


the principal azimuth is the minimum azimuth of restored polarization. 
These considerations follow from the theory. 

To illustrate the effect of a visibly imperfect surface upon the agree- 
ment of observed and calculated reflection coefficients, results are given 
in Table V. from observations made upon a gold mirror which had a 


TABLE V. 
Imperfect Gold Mirror, X = 620up. 


Js Jp Jp 
Obs. Calc. Obs. 
60° | 96.31 51.32 .2728 11.338 3.094 .946 | .872 | .824 | .772 
80 | 261.72 S1.a0 .2831 10.826 3.064 .979 | .837 | .838 | .817 
; 0 .2841 10.457 2.972 .880 | .806 | .880 .817 


| H a 
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grayness’”’ in its surface. This grayness could be seen 
when the surface was viewed at the proper angle. The observed values 


are from 2 to 8 per cent. too low. Doubtless the chief cause of this 


very slight 


discrepancy is that any fine scratches or pits in the surface decrease the 
quantity of regularly reflected light—giving diffuse reflection—without 
appreciably affecting the ellipticity of the light which is regularly reflected. 
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CONCLUSIONS. 


The reflection coefficients of a steel mirror and of a gold mirror for the 
two components of polarized light for various angles of incidence and for 
various wave-lengths were determined practically simultaneously by 
the indirect polarimetric method and the direct photometric method. 
The results agree on the average within one per cent., the observed 
values lying both above and below the calculated values. The results 
show, therefore, that the theory by which reflection coefficients of metals 
are calculated from polarimetric measurements holds very closely for the 
mirrors tested. The polarimetric method gives values which can be 
duplicated to within .1 to .2 per cent.; whereas the uncertainty of the 
photometric method is about 2 per cent. The polarimetric method for 
determining the reflection coefficient of a mirror is valid however only for 
mirrors having a very perfect surface. 

Ketteler’s equations, which give the variation of the refractive index 
and of the absorption coefficient with angle of incidence, hold very well 
except for the largest angles of incidence. There the deviation amounts 
to from 2 to 7 per cent. in the refractive indices and absorption coefficients. 
The fact that some of the polarimetrically determined reflection coef- 
ficients do not lie upon a smooth curve indicates slight deviations from 
Ketteler’s equations. 

In conclusion, the writer wishes to thank Professor Skinner for sug- 
gesting the problem and directing the investigation. He is also indebted 
to Professor Tuckerman and Drs. Tool and Tate for many helpful sug- 
gestions. 


THE UNIVERSITY OF NEBRASKA, 
BRACE LABORATORY OF PHYSICS. 
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THE CORBINO EFFECT IN VARIOUS CONDUCTORS, 
MEASURED BY THE ELECTROMAGNETIC 
TORQUE PRODUCED. 


By KEITH K. SMITH. 


INTRODUCTION. 


F a circular metallic disk in which a radial current of electricity is 
flowing is brought into a magnetic field the paths of the electrical 
carriers are, in general, changed. Corbino! first made such experiments 
upon a disk of bismuth, and found that a magnetic field normal to the 
plane of the disk produces in it a steady circular current of electricity, 
which reverses its direction on reversal of either the radial current or the 
magnetic field. He also observed that if the disk is suspended so that 
the lines of force are oblique to its plane, an electromagnetic torque 
tends to turn it about a vertical axis. The disk turns in the opposite 
direction when the radial current is reversed, but a reversal of the mag- 
netic field does not change the sense of rotation. In the latter respect 
this torque differs from the electromagnetic forces of Ampére, which 
depend upon the sense of the magnetic field. 

The theory proposed by Corbino to explain these effects assumed 
that the current in a metal is carried by both positive and negative ions. 
For each metal there is a characteristic constant, E, called the differ- 
ential moment of the ions, and equal to (ev,0;/0) — (evec2/c), where 
ev, and eve are the absolute velocities of the positive and negative ions, 
respectively, in an electrical field of unit strength. o1/¢ and o2/o are 
the partial conductivities of the two kinds of ions. The density of the 
circular current produced when the radial current is C and the intensity 
of the magnetic field is H, is equal to ECH-cos $/2mrd, where d is the 
thickness of the disk, 7 the distance from the center, and @¢ the angle 
between the normal to the plane of the disk and the lines of force. Let 
r, be the external radius of the disk, and rz the radius of the wire through 
which the current enters or leaves the center of the disk. Then the 
total circular current is 
(1) oe —— $1, — ECH-cos los re 

q 2nrd 2n ry 
1 Phys. Zeits., XII., pp. 561-568, IgII. 
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The energy of the disk in the magnetic field is 


1 ("ECH:-cos ¢ I 
7 = ee —_—_—_—_—_ — © 2. . =O oa . 2 
(II) W 2 J, a nr?-dr-H cos $ gn EOHS cos? ¢. 
S is equal to x(r2? — 1’), the effective area of the disk. The torque 


tending to increase ¢ is 
ow I , 
(III) “ee 3, ECSH*: sin 2¢. 


Assuming that the current is carried by electrons only, Professor 
Adams! obtained similar expressions for the circular current and the 
torque, viz.: 


HeTC, fe 

(IV) I=- — log 
v) _ OW _ _ eHPCTS:sin 2¢ 

0d 167m 


which agree with (I) and (III) when E is replaced by eT/2m. e is the 
charge on an electron, m its mass, and T the free time of an electron 
between collisions with the metallic atoms. The value of Z, or T, can 
be determined by measuring either the circular current or the torque. 
Adams and Chapman? measured the current in various metals, and 
found variations both in sign and magnitude. In bismuth the circular 
current has the same direction as the magnetizing current when the 
radial current flows outward from the center; in antimony the circular 
current is about one tenth as large, and is in the opposite direction. 
The former effect is called negative, the latter positive. On the theory 
that the current is carried wholly by electrons, the Corbino effect, as 
well as the Hall effect, should be negative in all metals. Both positive 
and negative effects are provided for in the theory developed by Corbino, 
the sign being positive when E is positive, that is, when the mobility 
of the positive carriers exceeds that of the negative. 

The object of the investigation described in this paper was to measure 
the electromagnetic torques acting on disks of various metals, and to 
compare the results with the above mentioned measures of the currents. 


EXPERIMENTAL ARRANGEMENTS. 

The radius, 72, of the disks employed was 1.06 cm., the radius, 7, 
of the hole at the center was 0.05 cm. The effective area, S, was there- 
fore 3.52 sq.cm. The tellurium and tungsten disks were 1.6 mm. thick; 
the others were 0.8 mm. in thickness. The rim of a disk was soldered 


1 Phil. Mag., Vol. XXVII., pp. 244-252, 1914. 
2 Phil. Mag., Vol. XXVIII., pp. 692-702, I914. 
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to the inside of a short brass ring, which was threaded at the other end 
so that it could be screwed to a brass disk of the same size. The latter 
was divided into eight equal sectors by radial saw-cuts, so that the 
flow of circular currents in it was prevented. To the center of the 
slit disk was soldered a long copper tube, which was so fashioned that 
when the whole apparatus was suspended the lower end of the tube was 
directly under the first disk, and about 17 cm. from it. The tube en- 
closed an insulated copper wire soldered into the center of the first disk. 
At the bottom two parallel tungsten needles connected to the tube and 
wire respectively, and dipped into mercury cups. This was found to 
be the most satisfactory method of introducing the current into the 
suspended disk. 

The apparatus described above was suspended by a phosphor bronze 
wire 0.17 mm. in diameter and 30 cm. long, whose torsional coefficient, c, 
was equal to 1.87 dyne-cm. per degree. This coefficient was determined 
by observing the period of torsional vibration when the wire supported 
a cylinder whose moment of inertia was known. The upper end of the 
wire was clamped in the center of a divided torsion head, on which the 
readings were taken when the normal to the plane of the disk made an 
angle of 45° with the lines of force. A mirror fastened above the disk, 
and a lamp and scale were used to indicate the proper position of the 
disk. 

The pole faces of the electromagnet were 3.8 cm. in diameter and 
2.1 cm. apart, the latter distance being made as small as possible. The 
strength of the magnetic field was determined with a Grassot fluxmeter, 
and accompanying search coil, which was fastened to one of the pole 
faces. Scale deflections were calibrated in terms of gausses by means 
of a standard mutual inductance. A deflection of I mm. corresponded 
to a change of 19.1 gausses in intensity. 

The bismuth and antimony disks were cast in graphite molds, which 
had first been heated. This method was not satisfactory when tellurium 
was used, owing to the extreme brittleness of the metal. A short glass 
tube of the desired diameter was placed end up on a small glass plate, 
and both were heated on asbestos before the molten tellurium was 
poured in. The bismuth, antimony, and tellurium disks were made 
from ‘‘ chemically pure’ materials supplied by Eimer & Amend. The 
silver disk was supplied by Baker & Co., while the tungsten disk was 
made from a plate kindly furnished by Professor Hulett. After the 
disk had been ground to the proper size, it was covered with a thin 
plate of copper, on the parts where it was necessary to apply solder. 
The graphite disk was likewise electroplated so that it could be fastened 
to the ring and wire. 


‘ ’ 
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DETERMINATION OF THE CORBINO TORQUE. 


If all other torques were eliminated we should expect that the angle 
through which the torsion head must be turned to restore the disk to 
its original position would be KH?C-sin 2¢, in which 


pT ep ees 
~ ¢\ 8a) c \i6rm)’ 


K will be taken as negative when the Corbino effect is negative. The 
angle would change sign on reversal of the current, but would remain 
unchanged in magnitude and sign on reversal of the field. It was found 
that while these conditions were not realized in practice, owing to the 
presence of extraneous torques, it was possible to eliminate the latter, 
as the following analysis will show. 

When the current in the disk is not strictly radial, but has a circular 
component, even in the absence of a magnetic field, a torque is produced, 
and the angular twist required to counterbalance this Ampére effect is 
AHC:sin ¢, in which the factor A varies in magnitude and sign in the 
different disks. In spite of the care taken in the construction of the 
disks and attached parts, it was found that this effect was quite large. 
Lack of symmetry in the disk or connections causes this departure from 
ideal conditions. 

Furthermore, even when there is no current flowing in the disk, it is 
acted upon by a torque which depends upon the magnetic properties of 
the material. A disk made from a paramagnetic substance tends to 
turn so that the normal to its plane is at right angles to the lines of force; 
while a diamagnetic disk tends to turn so that the normal is parallel 
to the lines of force. Let the angular twist required to balance this 
magnetic torque be M, and let it be positive for a paramagnetic disk, 
and negative for a diamagnetic disk. All except the antimony and 
tungsten disks were diamagnetic, and in every case the magnetic torque 
was quite small. For the ferromagnetic metals, however, it would be 
so large that a stiff suspension would be required, and the Corbino effect 
could probably not be measured by the present method. 

Let 4) be the reading of the torsion head in the absence of a magnetic 
field, and with no current flowing. Then for any field H and radial 
current C, the reading of the torsion head after the disk has been restored 
to its original position is 0) + M + AHC-sin ¢ + KH°C-sin2¢. The 
choice of signs to be prefixed to the various terms depends upon the 
orientation of the disk. For example, there are four different positions 
in which the disk may be placed so that its normal makes an angle of 45° 
with the lines of force. The sign before the A term would change if the 
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disk were turned 180°; while the signs before the M and the K terms 
would change every 90°. 

A determination of K required at least four readings of the torsion 
head, as follows: (1) with H positive, C negative; (2) with H positive, 
C positive; (3) with H negative, C negative; (4) with H negative, C 
positive. 

An actual example will show more clearly how K was determined. 
For the bismuth disk the four equations involving K were as follows: 


(1) 6. + |M| — |AHC sin ¢| + K|H?C-sin 2¢| = 6,, 

(2) O.+ | M| _ |AHC sin ¢| -- K|H?C-sin 2¢| = 62, 

(3) 69 + |M| + |AHC sin ¢| + K|H?C-sin 24| = 63, 

(4) Oo + |M| ~ |AHC sin ¢| — K|H?C-sin 24] = 64, 
whence 

K a (62 — 9) — (2 — 61), i _. - 

7 4 C-sin2¢@ H? FH? 


K’ is the twist that would be required with the absolute electromagnetic 
unit of current (10 amperes). 


61 | 62 | 6 | 64 z 














127.8 | 299.1 281.5 146.4 H = 2160 gausses 
127.9 | 299.65 281.75 146.25 
127.65 | 299.25 281.45 146.25 H = 4.67 X 10¢ 
127.9 299.35 281.7 146.3 
126.75 | 281.4 C = 5.46 amperes 
__— = 0.546 E.M. units _ 
_ 127°.60 299°.34 281°.56 | 146°.30 @ = 45° sin 2¢ = 1 
K’ = — 16.65. K = — 3.57 X 107%, 
S = 3.52 sq. cm. c = 1.87 dyne-cm. per degree. 
B= 5 80K = 13.35K = —4.77 X 10-5. 
= = 1.77 X 107 E.M. units. 
m 
T = 58m ome = 15.1 X 10-7 K = 5.40 X 10-1 sec. 


RESULTS OF THE EXPERIMENTS. 
Bismuth. 
After preliminary experiments upon a brass disk had shown that no 
Corbino torque could be detected in this metal, a disk of bismuth was 


1We may regard E as defined by the relation transverse electric intensity = E[HR], 
where [HR] stands for the vector product of the magnetic intensity and the radial electric 
intensity. Cf. Adams, Proc. Amer. Phil. Soc., LIV., No. 216, pp. 47-51, 1915. 
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tried. The torque observed was negative, and directly proportional to 
the radial current, which varied from I to 7 amperes. The following 
table shows the results obtained when the magnetic field intensity was 


varied. 
H No. of Deter- | K? K E T 
minations. | 

760 16 — 3.22 | —5.57 X 10-6) — 7.42 x 10-5 | 8.40 x 1072 
1145 5 | — 5.79 | —4.42 | — 5.90 | 6.68 
1630 8 | —11.0 | —4.14 | — 5.52 | 6.25 
2160 8 | — 1665 | — 3.57 |—4.77 5.40 
2720 16 |} — 25.3 — 3.42 — 4.57 | 5.18 
3590 7 | —39.7 | — 3.08 (— 4.11 | 4.65 
4050 4 | — 488 — 2.98 — 3.98 | 4.50 
4240 8 | —52.9 | — 2.94 — 3.93 | 4.44 
4330 16 } — 53.2 — 2.83 — 3.78 | 4.28 
4620 4 ~579 | —2.72 ~ 3.64 4.11 
4890 2 | —610 | —2.55 — 3.40 | 3.85 
5170 44 | 935 — 2.75 | — 3.67 | 4.15 
5440 15 | —759 | —2.56 — 3.42 |3.87 


These results are shown graphically in Fig. 1, in which K’/t1o is plotted 
against H®. It is seen that the relation is not a linear one, and in fact 
this result is rather to be expected since Corbino,'! and later Adams and 
Chapman, found that for bismuth the circular current increased less 
rapidly than the magnetic field. The values of E calculated from the 
latter experiments (Joc. cit.) vary from 7.22 X 107 to 3.57 X 107%, 
which fall between the limiting values of E shown in the table. This 
decrease in E is not surprising in view of the fact that all observers of 
the Hall effect in bismuth have found a decreasing coefficient with 
increasing magnetic fields. 

Antimony. 

The antimony disk was then put in the place of the bismuth disk, all 
other parts of the suspended system remaining as before. With no 
current flowing, the disk tended to turn in the magnetic field so that its 
normal was perpendicular to the lines of force. We should expect that 
antimony, being diamagnetic, would turn in the opposite direction, as 
bismuth had done. That this discrepancy was not caused by impurities 
(iron) in the brass parts, seems to be indicated by the fact that the 
disks of silver and tellurium, less diamagnetic than antimony, turned 

1In Il Nuovo Cimento, Serie VI., Tomo I., p. 409, 1911, Corbino has added to the paper 
already referred to, a determination of the torque acting on a bismuth disk. His method 
was practically identical with the one employed in the present experiments. He had S = 38 


sq. cm., H = 2,400, @ = 18°, C = 0.02 E.M. unit, torque = 7.8 dyne-cm., whence E = 


7.6 X 10-5. Apparently he made no measures for other fields or other metals. 
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in the same direction as the bismuth disk. It may be that the antimony 
contained impurities, which gave it paramagnetic properties. The 
twist required to balance this magnetic torque varied from I to 5 degrees, 
depending upon the strength of the field. 

The Corbino torque was first measured in strong fields and was found 
to be positive, but later in weak fields the sign was apparently reversed. 
When K’ was plotted against H? the points fell along a straight line, which 
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Fig. 1. 


did not pass through the origin, but had a negative intercept on the K’ 
axis. The disk and suspended system were then rotated 180° about the 
vertical axis, and observations were made in this second position. The 
points fell along a straight line parallel to the first line, the second inter- 
cept on the K’ axis being equal and opposite to the first intercept. Evi- 
dently there had been no true reversal of the Corbino effect, but rather 
we had in K’ a measure of the Corbino effect, plus, or minus, another 
effect, the sign depending upon the position of the disk. Hence to obtain 
the proper values of K’ the intercept (1 degree) was added to the first 
values and subtracted from the second values of K’. 

Obviously this correction does not change K, the slope of the line. 
The corrected values of K’/1o are plotted against H? in Fig. 1. 46 
determinations in the first position, and 69 in the second position give 
weighted mean values of K, equal to 2.92 X 1077 and 2.94 X Io7~7 
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respectively. Taking K = 2.93 X 10-7, we find E = 3.91 X 107%, 
Adams and Chapman’s measurements make E = 3.6 X 107°. 

Since it was desired to determine at least the approximate values of EZ 
for other metals besides bismuth and antimony, the use of a stronger 
electromagnet was secured, and thus the effect to be measured could be 
increased three or four fold. 

Tellurium. 


On account of the fact that the Hall coefficient is larger in tellurium 
than in any other metal, it was of considerable interest to measure the 
torque for a disk of this metal, especially as the circular currents had 
not been observed previously. Although the disk was of twice the 
thickness of the others, its resistance was so large that the radial currents 
had to be reduced, and 2.1 amperes were used. The torque was positive, 
but smaller than in antimony. The results are shown in the following 
table: 


H Dets. K 
1160 2 1.48 X 1077 
6450 24 1.08 
6750 4 1.21 
8210 4 0.91 
9070 4 1.26 


Weighted mean K = 1.1 X 1077; E = 1.5 X 107°. 


Graphite and Tungsten. 


For the graphite disk the results, which probably show only the order 
of magnitude, were as follows: 


H = 4580, K’ = -— 0.9, K = — 4.3 X 1074, 
E = — 5.74 X 107, T = 6.5 X 10 sec. 


For tungsten the torque was even smaller, but positive, the values of 
K and E being 1.2 X 1078 and 1.6 X 107” respectively. The negative 
sign for graphite is to be expected from data on the Hall effect, but in 
the case of tungsten the writer has been unable to discover any data 
for comparison. 

Silver. 


In order to measure the effect in silver the suspension was replaced 
by a more sensitive phosphor bronze strip 6.2 cm. in length, whose 
torsional coefficient was 0.168 dyne-cm. per degree, instead of 1.87. 
It was not practicable to measure the torque except in a sirong field. 

H = 7650, K’ = — 0.9, K = — 1.54 X 1075, 
E = — 2.1 X 107, T = 2.3 X 10". 
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Adams and Chapman found 
E = — 4.4 X 107, T = 5.0 X 107". 


SUMMARY OF RESULTs. 


The results obtained with the various disks are collected in the fol- 
lowing table, together with data on the Hall effect. R is the Hall coef- 
ficient, and p the specific resistance, each in absolute electromagnetic 
units. For the metals von Ettingshausen and Nernst’s! determinations 
of R are shown, while the specific resistances are taken from the Recueil 
de Constantes Physiques (1913). The corresponding data for graphite 
are from Koenigsberger and Gottstein’s paper.’ 














R | p | R/p E 
| — 10.1 1.1 X 105 —9.2 x10 | —74 x 107 
ies ee + 0,192 3.7 X 104 + 5.2 X10-* | + 3.91 x 10-° 
Ne + 530 1.5 x 108 + 3.5 X 10° | + 1.48 x 10-6 
Graphite. ..... — 0.695 4.5 x 105 —1.5x10-* | — 5.74 x 1077 
eae bee — 0.00088 1.5 X 108 —5.9 10-7 | — 2.06 x 1077 
PREIS: Seni Tipper Lceeececesccesel @ hex 
oe eee ener epee peer areas | eared) eine te ceae erase 0 


While R and p vary over a large range for the different conductors, 
the range of variations of R/p is much more restricted, and the latter 
values are of the same order of magnitude as the corresponding Corbino 
coefficients, E. For tellurium, which has a very high specific resistance, 
the Hall coefficient is also very large, but the Corbino effect is less than 
in antimony. The position of graphite, a relatively poor conductor, is 
similarly changed with respect to antimony. While the exact quanti- 
tative relation between the numbers in the last two columns is not 
obvious, it is seen that the sign and order of magnitude of one effect can 
be predicted if the other is known. 

It has been shown by Steinberg*® that the Hall coefficient for cuprous 
iodide is directly proportional to its specific resistance, which can be 
varied over a large range by adding iodine to the normal compound. 
R varied from + 0.24 to + 11,000, the specific resistance corresponding 
to the latter value being 94 X 10°. Hence R/p = 1.2 X 107’, which 
would indicate a Corbino effect less than for silver. It would be of inter- 
est to determine whether £ is constant for varying amounts of iodine. 

1 Sitzungsber. d. k. Akad. d. Wiss. zu Wien, 94, p. 560, 1886. 


2 Phys. Zeits., 14, pp. 232-237, 1913. 
3 Ann. der Phys., 35, pp. 1009-1033, IQII. 











— CORBINO EFFECT IN VARIOUS CONDUCTORS. 411 


Measures of the circular current would be better adapted to this purpose 
than measures of the torque. 

In conclusion I wish to express my thanks to Professor Adams for 
suggesting this investigation, and for advice during the course of the 
experiments, which were performed in the Palmer Physical Laboratory 
of Princeton University. I wish also to thank Mr. F. Duryea, who 
constructed the apparatus employed. 


NORTHWESTERN UNIVERSITY, 
EVANSTON, ILLINOIS, 
June 12, 1916. 
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APPLICATION OF THE ELECTRON THEORY OF GASEOUS 
DIELECTRICS TO THE CALCULATION OF 
MINIMUM IONIZING POTENTIALS. 


By Kart T. COMPTON. 


T is well known that a gaseous molecule can not be ionized unless the 
ionizing agent possesses an amount of energy which exceeds a criti- 
cal amount, ordinarily expressed as the minimum ionizing potential. 
We have reason to believe that in every molecule there are electrons 
situated outside the atomic nuclei and that some of these electrons may 
be more firmly held to their positions of equilibrium than others. Hence 
the minimum ionizing potential must refer to the work necessary to 
extract from the molecule that electron which is least firmly held. This 
electron is probably that one which may be most easily displaced from 
its position of equilibrium. 

Similarly, the electron theory has been successful in explaining, at 
least in a general way, the action of a dielectric. The specific inductive 
capacity K of the dielectric is thus accounted for by its polarization, 
which results from the action of the electric field in displacing electrons 
in the molecules and thus producing molecular doublets. If we con- 
sider the contribution of each type of displaced electron to the total 
electric moment of the medium, it is evident that the most easily dis- 
placed electrons will contribute most largely to the total polarization. 
This being true, we should expect a relation to exist between the mini- 
mum ionizing potential and the specific inductive capacity of the gas, 
and we should further expect that this relation could be definitely 
determined in case the molecule possesses only one type of electron, or 
in case the electrons of one type are so much more easily displaced than 
any others that they may be considered as giving rise to the entire 
polarization of the medium. 

Under these conditions the relation may be derived in the following 
manner. When molecules are placed in an electric field the displace- 
ment of the electrons must be very nearly proportional to the force, 
since the displacements are small. This is easily shown by applying 
Taylor’s theorem to the force, considered as a function of the displace- 
ment. If X is the constant of proportionality, we may express the 
force f on an electron in terms of its displacement s by 
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d’s I 

hate’ inh ‘ve 
where m is the mass of the electron. With this law of force, the natural 
period of vibration of the electron about its position of equilibrium is 


T = 2x my, whence its natural frequency is 
I 
Wg =~ —- 
2r/ md 


In the case of a single type of electron, which we are considering, the 
electron theory of dielectrics leads to the equation! 
K — I 4mhve? 
eS ae 
where v is the number of molecules per unit volume. Since the value 
of K is always close to unity, we may write 
Me. Sead 


Ave? ’ 





which gives, for the natural frequency of the electron, 


1 | me 
"ioe (1) 
ax Nm(K — 1) 

This electron can evidently take energy from radiation of this fre- 
quency, whence we should expect equation (1) to give the value of v9, 
the least frequency of radiation which can ionize the gas photoelectrically. 
In terms of wave-length, equation (1) gives 





Yo = 


~_ 10 m(K — 1) 
No = 3(10)!¢r al (2) 
When we substitute the accepted values of the constants? we find 
ho = 6.36(10)-*“K — 1, (3) 


for the value in centimeters of the longest ionizing wave-length. 

If we assume that fy is the minimum energy required to remove the 
electron from the atom, which assumption is suggested by Bohr’s theory 
of the atom as well as by Einstein’s application of the quantum theory 
to ionization by light, we have the relation 


eVo = hv, (4) 


where Vo is the minimum ionizing potential. Therefore Vo, in volts, is 


1Q. W. Richardson, The Electron Theory of Matter, p. 73. The absence of the factor 47 
in his equation is due to the use of Heaviside’s system of units. 
? Kaye and Laby’s Tables. 
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given by 
_ 300h |_ mve® 
Vo=7e Nm(K —1)’ (5) 
or 
0.1 
Vo= we , (6) 


In testing these equations (3 and 6) we must bear in mind that none 
of the quantities Xo, Vo or K is known for any gas with very great ac- 
curacy. In a few cases Xo) and Vo are probably known within two or 
three per cent. and in other cases within five or ten per cent. Probably 
the greatest uncertainty is in regard to values of K. The specific in- 
ductive capacity of a gas is too small to measure directly with any 
accuracy and the values usually given in tables are deduced from the 
refractive index of the gas by the electromagnetic relation K = n’, 
where 1 is the refractive index for infinite wave-length. Here again the 
values of m differ very little from the refractive index of the ether and 
they have been determined for a comparatively small range of wave- 
lengths near the visible spectrum. Thus the values of ”,, which are 
calculated by extrapolation, are uncertain and are subject to possible 
large errors due to unknown absorption bands. In spite of these facts, 
the agreement between the experimental and calculated values in the 
accompanying table is remarkably good. Here I have included the 
values for all gases for which I have found experimental values of Vo 
and also the calculated values for a few other gases and vapors. The 
values of K, calculated from n,, were taken from Kaye and Laby’s 
Tables. Where individual determinations require comment, this has 
been indicated in the footnotes. 

It must be admitted, I think, that the agreement is surprisingly good, 
when the difficulties of the test are taken into account, for an agreement 
to even the same order of magnitude would be a significant support of 
the general principles underlying the equations. Probably in no case 
except argon and possibly cadmium are the discrepancies much beyond 
experimental error. It is unfortunate that there are so many gaps in 
the table. 

We assumed that only one type of electron, the one most easily dis- 
placed, contributes appreciably to the value of K. While this may 
be true in some cases it is probably far from true in others. In the 
cases of mercury, cadmium and zinc, for instance, the experiments of 
McLennan and Henderson! indicate that there is a second type of 
electron which requires three or four times as much energy for extraction 


1 Loc. cit. 
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TABLE I 
| Vy | he 
Gen Equation Direct Ex- Photo- | Ionization | Equation (3). | Direct Ex- 
(6). periment. electric. | Theory.‘ A. U. periment. 

H | 11.8 11.02 — — | 1060 -4 
He | 22.8 20.75 — 22.5 536 — 
Ne | 16.84 16.0 — ~- | 747 -- 
A 8.22 12.0 -- -- | 1515 -- 
Kr 6.72 — — -- | 1840 — 
x | 5.27 — — | — | 2380 — 
Na — — 2.35 | — | — > 5800 
Zn 3.07! 3.74 3.71 -- | 4070 | — 
Cd | 2.66 | 3.96 3.49 -- 4650! ~- 
Hg 4.65 | 4.99 — -- 2750s _ 
Mg | — 4.28 | 363 | — — | — 
N | 8.05 7.5 | 80 | 10.05 1550 1200-1800 
P 4.03 -- | o— -- | 3140 | — 
As 3.49! — 4.5 ~- | 3545! -- 
O | 8.4 9.0 | 8.0 - 1475 1200-1800 
Ss 4.25 -- — | — 2995 -- 
F 9.841 -- — | -- 1255! -— 
Cl 4.95} -- — | —~ 2495! 7 
HCl | 6.50! — — | 6.05 1895! = 
HI | 4.55} — -- - 2715 “+ 
HO | 8.64! -- — 7.47 1460! 7 
CO. | 6.47! — ~- 8.2 1908! 8 
CHCl; | 3.60! _ — ~- 3425! 
TeCh, | 2.70! — — | — | 4590! — 
CH, 6.544 5 — — — |; 1898 | — 
CS. | 3.57! — — | ~ | 3455' | — 
SOz 5.35! --- - | 7.69° 2310 | ~- 











1 For these substances the data are insufficient to estimate m« and the value for the D 
line, mp, is used to compute K. Since most of these gases have absorption bands in the 
visible spectrum, these data are particularly liable to error. 

2 Mean values from the experiments of Franck and Hertz, Verh. d. D. Phys. Ges., 15, p. 
34, 1913; Pawlow, Proc. Roy. Soc., A, 90, p. 398, 1914; McLennan and Henderson, ibid., 
QI, p. 485, 1915. 

3 Values from papers by Hughes, Phil. Trans. Roy. Soc., A, 212, p. 205, 1912; Richardson 
and Compton, Phil. Mag., 24, p. 575, 1912. All values except those for oxygen and nitrogen 
are for substances in the solid state. The value 8.0 volts for oxygen was found by Hughes 
for air and attributed by him to oxygen. In view of our present knowledge of ionizing poten- 
tials it is more likely that this value should have been ascribed to nitrogen, which I have 
done in the table. 

4 These values are taken from recent papers in the PHysICAL REVIEW by the writer and 
depend on the assumptions regarding ionization by collision which are there introduced. 

5 A summary of the work on ionization of gases by ultraviolet light is given in Photo- 
elektrizitat, by Hallwachs, p. 136. 

6 This value follows by applying the writer's theory of ionization by collision to data given 
by Wheatley, Phil. Mag., 26, p. 1034, 1913. 

7 If these vapors are present in small amounts the ionization of the gas in increased, so 




























































Ss 
416 KARL T. COMPTON. Secon 


as one of the first type. The existence of such additional types of elec- 
trons would make the value of K larger than that required by our simple 
theory and would therefore tend to make equations (3) and (6) yield 
values of \) which are too large and values of Vo which are too small. 
This is probably the explanation of the low calculated values of V, 
for argon and cadmium, and also of the fact that for some of the more 
complicated molecules near the bottom of the table the calculated 
values of Vo appear improbably small in view of our knowledge of their 
photoelectric properties. 

It would be easily possible to extend the theory to include the effects 
of more than one type of electrons and to thus investigate the structure 
of the atom. It is doubtful, however, whether the measurements of 
K and of Vo can be made sufficiently precise to make such an attempt 
successful. The success of the present approximate treatment, how- 
ever, is a support of the recent theories of atomic structure. 


PALMER PHYSICAL LABORATORY, 
PRINCETON, N. J. 


that they may be considered to be somewhat more easily ionized than air. However the 
ionization currents are diminished if the vapors are present in concentrated amounts. Lud- 
low, Phil. Mag., 23, 1912. . 

8 The experiments by J. J. Thomson, Proc. Camb. Phil. Soc., 14, p. 417, 1906, indicate that 
this gas is more easily ionized than is air. 
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RESISTANCE AND REACTANCE OF MASSED 
RECTANGULAR CONDUCTORS. 


By A. PREss. 


Assistant Professor of Electrical Engineering, Oklahoma University. 


HE problem of the “ skin effect’ of rectangular conductors has 
already engaged the attention of Mr. H. W. Edwards in the 
PHysICAL REvIEW for September, 1911. However the particular solu- 
tion given there rests upon such a set of assumptions as to make the 
work available only for very small conductors, that is, such conductors 
wherein the “ skin effect” is relatively small. 

In the present paper no important invalidating assumptions are made 
and in consequence the formulz will apply to small as well as large 
conductors. Since with massed conductors in close contiguity there 
will be a disposition to choke out such lines of magnetic flux as would 
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Fig. 1. Fig. 2. 


ordinarily tend to pass into and out of neighboring conductors it is safe 
to assume that the field in the skin of a conductor has a rectangular 
path conforming to the contour of the conductor. 

This is the only assumption made and is wholly analogous to that 
made in the theory of the induction motor with locked short-circuited 
rotor, in that no flux is assumed to thread the rotor copper. 

As the frequency increases or as the conductivity is assumed great 
even with low periodicities the above assumption is all the more war- 
ranted. 

To arrive at the fundamental equations the conductors will be taken 
as disposed with their length in the direction of the axis of z. Since 
from the nature of the case there can be no component of current in the 
x or y directions if an impressed E.M.F. is applied to the ends of the 
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conductors, let 6 be the current density per square centimeter at any 
point (x, y) of a given conductor. 

By taking the line integral of magnetomotive force around an ele- 
mental cube the following equation is obtained 





4m, dH, dH, 
10 ~—s dx dy ° (1) 





On the other hand, by considering the line integral of voltage drop about 
the elemental cube the following equations must also hold: 





dB, —8 — dé 
~ dt _—— Pax’ (2) 
dB, dé 
— —3 — a 
qi 1° ° ay" (3) 


Combining these equations there results 
28 2 (4) 
10°p dt dx? ' dy** + 
It is this equation which has to be solved subject to the conditions that 
for the skin current density 


5 = 6, = dosin (pt + 8), 


for x = +r and y = +s where 27 and 2s are the width and thickness 
of the conductor in question. Again, since the problem assumes that 
an impressed sinusoidal current J is being carried by the conductor it 
will follow if Ao is the average current density for a given amplitude 
V2J 

4rsAgsin pt = “2Jsin pt = f ddxdy. (5) 

rs 

Following Heaviside, in order to obtain a solution, one can set for a 
sinusoidal time operand 


and therefore equation (4) can be rewritten as follows 


a5 4 d?6 
dx? 





dy* = q°6. (6) 


Noting therefore the cosine development of unity by means of a Fourier 
series the solution of (6) is 
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~ a 
4 joa | conn (¢ +7 + nry 
6 = — bo > nom a on - 
T 13-5 7% a J 23 
cosh (¢ = 4s)" 
(7) 
cosh { ¢? re “a By 
i * my? eT in pe + 0), 
cosh n(e a) 


Here be it noted 7 = “ —1 and has no operational or differentiative 
power. Moreover, it will be seen to satisfy the necessary boundary 
condition for the skin current density 6, has the value by the above 
5, = 5) sin (pt + 8) 
fory= +sorx= +7. 
Performing then the operation indicated in (5) 

2 t 

tanh (0 + 9 )r 





4 8 
4rsAq sin pt =— + — * dors d -; ag? 7 


(¢ +7 4s” 


n2 72 \ 4 
tanh (¢ + “~) s 
4r , 
+ - -- sin (pt + 8). 


, n?7?\4 
(« + a)! 


In accordance with the fact that g = «ip where 7 is the complex v1 
and operationally is equivalent to (1/p)(d/dt) one can write 





n> 7 , 
(¢ 4s r = (dn + tbn)’, 





(9) 
(¢ +25) st = Gn + ide)’ 


_ unt 16ups* 

“_ td eer 4. +! +e4] (10) 
_ ms 16upr? 

~~ al AP ATE pee y bis +H, l, (11) 
oe, roups* \? 

wag — ail i, (12) 
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in which p = 27r~. 


giving 
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‘ 


It will now be possible to ‘ algebrize’’’ the equation (8) for one can 


now write 
tanh (d_ + tbn) _ ; 
a+%, ~1*~ (14) 
tanh (Gm + ibm) o ; 
Om + Ibm = Tn — a (15) 


since by a simple transformation in hyperbolic functions it can be shown 


that any 
a sinh 2a + b sin 2b 


-* (a? + b2)(cosh 2a + cos 2)’ (16) 
a b sinh 2a — a sin 2b © 
~ (a2 + b%)(cosh 2a + cos 2b)’ (17) 


where 
tanh (a + 1b) . 
a+ ib =T-is. 


If then in the expression involving the series of tanh functions one puts 


Yoya (Tn + Tn) = Tx + Tu (18) 
DB t Tn) = Iv + Tn (19) 


it is seen that equation (8) can be put in the concise form (after per- 
forming the differentiations indicated by the 7’s) 


4do sin pt = 5 o(Ty+ Tu) sin (pt + 6) — (Ex-+ Tw) cos (pt + 6]. (20) 


By taking pt = o the phase angle @ can be determined for 


Tvt+ Ty 
nee PS - 
and for pt = 2/2 one obtains 
59 cos@— x” Ty+ Ty 
meee, Say Sam (22) 


Ao 8 (Ty + Tw)? + Sy + Ty)?’ 
By means of (21) and (22) the resistance and reactance can now be 


determined without in fact solving for 69 or @. 
For the skin current density we have 


5, = 69 sin (pt + 8). 


For the time pt = 2/2 the only voltage available to balance the impressed 
voltage E (neglecting the external field reactance) is a copper drop for 
which an aggregate conductor current is in magnitude given at any 
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instant by “2J sin pt whatever the true current density may be at 
any point of the conductor cross section. 

With the aggregate current being at its maximum value which will 
be for pt = 7/2 whatever voltage there is must be a copper drop. If 
then the virtual resistivity of the conductor is p’ (as against p for a 
direct current) the instantaneous copper drop at the skin of the con- 
ductor where no self induction is present will be (“2J/4rs)p’. It is 
this voltage in phase with the aggregate current that must be balanced 
by the skin copper drop or for pt = 2/2 


Y2J 
4rs 


5sp = pbo cos 0 = p’ = Aop’, (23) 





or equating the ratios of the resistivities 


_ p’ _ docos@_ x Ty+ Ty 
By 8 let Ty + Oe + Ox) 4) 
The expression p’/p = k expresses the resistance factor of a rectangular 
conductor for alternating currents. 

To obtain the reactance in ohms per centimeter length of conductor 
we place pt = 0. Then the only voltage available to balance the im- 
pressed E.M.F. is a reactance drop for at that moment “2J sin pt = 0 
or the aggregate current is zero for the instant leaving only an aggregate 
reactance drop. However, this reactance drop, with line current at 
zero must equal the skin copper drop where there is in fact no disturbing 
factor due to internal flux linkages of the conductor. Thus 


dsp = pdo sin @ = V2I%0; 


if x,, stands for the reactance in ohms per centimeter length of conductor 
due to the internal linkage of flux within the conductor. Since 





V2J 

Ao= —— 

4rs 
— pr _— (Cv + Ty) asi p’ {Se sare (25) 

* 32ers {(Ty + Ty)? + (Sy + Ty)*} p|ITy+Tw 4rs}" 
Obviously for square conductors T, = T,, and T, = T;, in which case 

~ oe! ' 
salt p ~ 16 Ty + Ty?’ (24) 


(25)’ 


Xp = 


prey aii iF p 
16(4rs) Ty + Ty °° ; 
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APPLICATIONS. 


Example I. It is obvious that as s approaches infinity we should 
arrive at Sir J. J. Thomson’s result for the resistance factor for an 
infinite plate of half depth or r if proper substitution is made in (24). 
As s approaches infinity T),, = o and hence 


7 {ict wih 
a, = n> r al 
Now for a, > 2.2 it will follow 


¥Y2 1 7 /|10? 
A ae . 
tr r 8 NiI6up 


p’ T 3,2 pr 
k=* = Hy fe FO 
Pp 2v¥2 10 p 


whence for » = I and p = 2 X 107° for copper, 














and therefore 


k= 147V~, 


Example II. With a conductor 5 mm. on the side, s = .25 and for 
a frequency of 2,000, s/~ = 3.54. Taking only the first term of = 
to obtain Ty and Ty we have 








T = 25; & = .154, 
and therefore 
7 4 _ 
ha = 76 Bal “ae 
I+ 
25 
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TOLMAN’S PRINCIPLE OF SIMILITUDE. 


By P. W. BRIDGMAN. 


N two recent numbers of the PHysicAL REviEw Tolman! has stated a 
new physical hypothesis and made successful application of it to a 
number of problems. If this hypothesis should turn out to be correct 
it would carry with it implications so far-reaching that it might well 
affect the entire future of physical research. It is, therefore, of the ut- 
most importance to examine the grounds on which the hypothesis rests. 
The physical principle underlying the hypothesis is this. The ulti- 
mate elements of which the universe is composed are of such a nature 
that it would be possible to construct from these elements another uni- 
verse precisely like the present universe, differing only in scale of 
magnitude. This would mean that other atoms might exist precisely 
like those of iron, for instance, differing only in absolute magnitude, 
enjoying great stability like atoms of iron, and giving a series of spectrum 
lines corresponding one to one with those of iron. There may be a 
great number of such possible atoms, differing only in scale of magnitude. 
These twins of the iron atom, being made of the same stuff as the actual 
universe, are as capable of existence as the actual iron atom in our 
actual universe. Just this statement of the implications of the hypothesis 
is not given in the original papers, but it is clearly involved, and I have 
learned from correspondence with Tolman that such is his meaning. 
If the hypothesis is true the finite number of the chemical elements can, 
therefore, have no explanation in terms of the properties of the protean 
substance, but must be due to arbitrary selection. This means that 
every atom of the universe has been individually sorted, or, as Sir John 
Herschel put it, bears the impress of a manufactured article. Now such 
a picture of the universe as this, which places the direct interposition of 
creative intelligence at a stage nearer to us than the utmost we can hope 
to reach by experiment, is certainly directly opposed to the entire spirit 
of physics, and its acceptance is to be forced only by the direst necessity. 


’ 


Stated in words, as above, the “ principle of similitude ”’ is certainly 
new. But when the hypothesis is formulated into equations, and the 
equations applied in solving actual problems, a striking similarity to 


1R. C. Tolman, Puys. REV., 3, 244-255, 1914, and 6, 219-233, IQI5. 
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the familiar methods of dimensional reasoning is apparent. If the 
exact form of the equations and their mode of application should turn 
out to be exactly identifiable with the corresponding manipulations of 
the theory of dimensions, then the principle of similitude must be judged 
not to be new, in spite of the form of statement above. I shall try to 
show in this note that such an identification is possible; that in so far 
as the principle of similitude is correct it gives no results not attainable 
by dimensional reasoning, and that in its universal form as stated above 
it cannot be correct. 

The machinery of the application of the principle of similitude is as 
follows. For the sake of definiteness, we will make the application to 
that system of measurement which expresses all phenomena in terms of 
five fundamental units. These are: mass, m; length, J; time, ¢; tempera- 
ture, 0; and electric charge, e. Consider now one of the other possible 
universes differing in scale from the actual universe by a factor x. In 
this other universe the unit of length l’ is equal to xl. Then by a de- 
tailed application of the principle, for which reference must be made 
to the original papers, we express the other fundamental units of the 
other universe in terms of the factor x as follows, m’ = xm, t’ = xt, 
6’ = x10, e’ = e. The principle is now applied in any concrete case by 
demanding that any functional relation correctly connecting the various 
physical quantities must be such that the same functional relation holds 
when the primed units replace the original ones. This amounts effect- 
ively to demanding that the functional relations be such that the factor 
x cancels out. This may be illustrated by an example from Tolman. 
Let us find the form of the relation between the energy density (a) in 
a hohlraum and temperature. (It is known experimentally that wu is a 
function of temperature only.) The dimensions of u are ml—'t-?; hence 
u’ = x~4u. We must have therefore u = F(@), and at the same time 
u’ = F(@’), or x~*u = F(x—0). Hence x-*F(@) = F(x—'0), and F(@) 
= a6‘, or u = a6‘, the expression of Stefan’slaw. In the other universe 
u’ = a0". It is essential to notice that the constant a has the same 
numerical value in the two universes. 

The ordinary methods of dimensional reasoning may be applied in a 
form corresponding exactly with the above, with the only difference 
that when using dimensional reasoning we demand that the functional 
relations be such that they are still satisfied when each of the five funda- 
mental units is multiplied by a different arbitrary factor. It is not 
usual to state the theory of dimensions in precisely this form, but that 
this is equivalent to the usual statement may be shown by a familiar 
example. The time of swing of a pendulum may be supposed to depend 
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on the intensity of gravity, on the length of the pendulum, and on its 
mass. Hence, ¢ = f(g,1, m), or replacing g by its dimensional symbol, 
t =f(lt*,1, m). This relation must still hold when the three funda- 
mental units are changed in any unrelated way. Thus, putting m’ = xm, 
t' = yt, I’! =2l, we have yt = f(zy lt, 2l, xm) = yf(li*, 1, m). This 
equation must hold for all values of x, y, and z. It is evident on slight 
consideration that m cannot enter, that Jt? must enter as (/t-*)-?, and 
that therefore / must enter as a factor J!. Whence ¢t = const. “J/g, 
the familiar formula. 

It thus appears that the formal machinery of applying the principle 
of similitude is precisely like that of the theory of dimensions, except 
that the former is much more restricted. Instead of varying the five 
fundamental units by five arbitrary factors, we are allowed only one 
arbitrary factor, the other factors then being fixed in terms of this one. 
The principle of similitude would be expected, therefore, to apply to 
no cases to which the theory of dimensions does not also apply. 

Here comes the crux of the matter. In his reply to a statement of 
Buckingham,! in which Buckingham expressed the suspicion that Tol- 
man’s principle is merely dimensional, Tolman insists that the difference 
between the two principles is that the principle of similitude is applicable 
to cases where there are unknown dimensional constants, whereas the 
theory of dimensions can be applied only after the form of the dimen- 
sional constants is known. Stefan’s law, deduced above, is a case in 
point. The formula u = a6* cannot be deduced by dimensions until 
the dimensional form of a has been specified. The reason for this differ- 
ence is obvious in the light of the above. The principle of similitude 
may be applied with correct results to all those cases in which the dimen- 
sional constants have such a special form that they are not changed in 
numerical magnitude by the restricted change of units allowed by the 
principle. Thus the constant a above is of dimensions u6-, or ml—t-°6-+.? 
We may write a = Nml-t-*6-+, where N is a numerical factor. Hence, 
replacing m by its value in terms of m’, etc., we have 


2 —1,/2 
a = Nxm'xl'x°t’?x-9!—4 = Nm'l''t"9'— = a’. 


1E. Buckingham, Puys. REv., 4, p. 356, 1914. 

2From here on I replace the ordinary condensed form of dimensional symbolism, which 
I have used above in order to make close connection with Tolman’s analysis, by the more 
expanded form which seems to me preferable. In this expanded form the symbols of the 
units J, m, t, etc., are to be understood as denoting the names of the units in the particular 
system we are using. As an example, we would write: velocity of light in empty space 
= [c]li!, where [c] is a pure number, and / and ¢ are the names of the units of length and 
time. In the metric system, [c] = 3 X 10%, 1 =1 cm. and t = 1 sec., because, velocity of 
light in empty space = 3 X10" cm./sec. Tolman’s transformation equations hold, of 
course, without change when we use the expanded form. 
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The factor x has cancelled out and a’ has the same numerical magnitude 
as a. It would seem, therefore, that the principle of similitude gives a 
correct result in this case only by a happy accident, because the funda- 
mental transformation is so restricted that it leaves unchanged the 
dimensional constant. 

Many different problems involving dimensional constants have been 
solved by Tolman, but the constants are all of this special form. Planck’s 
radiation constant, the gas constant, the velocity of light and the quan- 
tum h, are all examples. For instance, h is of dimensions m/*t-'. Hence 
h = Hml*t", where H is a numerical factor. Then we have also 


h = Hxm'x-l" xt’ = Hm'I2t'" = i’, 


and h and h’ have the same numerical magnitude. The principle of 
similitude may be applied correctly to any problem which involves only 
dimensional constants of this kind, and if the theory of dimensions is 
valid as of course it is, may not be applied to problems involving dimen- 
sional constants changed by the transformation. The principle cannot, 
therefore, be applied to a brand new problem in which there is not 
some evidence from other sources that the dimensional constants are of 
the required form any more than can the theory of dimensions. 

In spite of this restriction, the principle of similitude gives correct 
results in a surprisingly large number of cases. The only case, with 
one possible exception, to which it is known not to apply is to gravitation. 
Tolman explains its failure by supposing that the propagation of gravita- 
tion must involve other properties of the medium than those involved 
in the propagation of electro-magnetic effects; this hypothesis must have 
impressed many readers as the least satisfactory part of his paper. The 
question now arises: have we after all got hold of something new, and 
is there some hidden significance in the fact that so many dimensional 
constants have the restricted form demanded by the principle of simili- 
tude? 

The answer may be found in considerations which have been partially 
formulated many times. We have chosen to measure all phenomena 
in terms of five kinds of fundamental units, the magnitude of each of 
which may be assigned arbitrarily. “The number of arbitrarily assignable 
units may be reduced, if we choose, by fixing relations between them by 
definitions. These definitions of relation may involve various natural 
processes, or the properties of various substances. Thus we may define 
a relation between the units of mass and length by requiring that when 
the unit of length has been arbitrarily assigned the unit of mass shall be 
the mass of a unit cube of water under standard conditions. Or, if we 
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please, we may define a relation between the unit of length and the unit of 
time by requiring that when the unit of length has been fixed the unit 
of time shall be so chosen that the numerical magnitude of the velocity 
of light in empty space shall be 3 X 10%. It is obvious that in this 
latter case the units of length and of time would be related in the same 
way as the centimeter and the second. These two examples suggest 
that the size of the units may be fixed by definitions involving the proper- 
ties of special substances, or by definitions not involving the special 
properties of any special substance. We naturally attach more signi- 
ficance to the latter mode of definition. Now it is known that it is possi- 
ble to fix completely the magnitude of all five kinds of units by definitions 
involving only phenomena of universal occurrence and not the special 
properties of any particular substance. The way in which the definitions 
are to be set up is not unique; a possible way is as follows. We demand 
that the units be chosen of such a size that the gravitational constant G, 
the velocity of light in empty space c, the gas constant k, Planck’s h, 
and the constant of attraction between electrical charges 


( force = FE a) : 
r 


shall all have determined numerical values. The set of units that we 
determine in this way will depend on the numerical magnitudes that we 
choose to assign to the above constants. Thus if we take the first four 
constants each equal to unity, we shall have Planck’s absolute units. 
(Planck’s system of units differs formally from the above only in that 
he has from the beginning specified the value of E and has so ruled out e 
as an independently assignable unit.) Or if we choose to demand that 
the constants have the values in common use, we have thereby fixed our 
ordinary system of units (the gm., cm., sec., ° C. and unit of static 
charge), but have determined them by definitions involving only uni- 
versal phenomena, rather than special properties of particular substances 
as in the usual mode of definition. 

We digress here to make a remark of interest for the theory of dimen- 
sions. The number of fundamental units we are to use is in large part a 
matter of convenience. We can get along with fewer units if we intro- 
duce corresponding definitions which are in accord with experimental 
facts. This indeterminateness in the number of fundamental units 
does not at all affect the conclusions that can be drawn by dimensional 
reasoning, because the disappearance of any kind of unit is always 
compensated for by the disappearance of a corresponding dimensional 
constant. This has been clearly suggested by Buckingham.' It is not 
1E. Buckingham, Nat. Dec., 9, 1915. 
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always recognized, however, to what an extent definition in accordance 
with experiment was already entered in reducing the number of units 
from a larger number to five. Force, for instance, might perfectly well 
be an independent kind of unit. We have chosen to get rid of it by 
specifying that the magnitude of the dimensional constant shall be unity 
in Newton’s law of motion which states that force is proportional to mass 
times acceleration. Heat, again, might be an independent unit, but we 
have eliminated it by specifying that the proportionality constant of 
the law of the conservation of energy shall be unity. Going still further, 
area and volume might also each be independent units, but we have 
eliminated them by introducing the experimental facts of geometry, 
and putting the corresponding dimensional constants equal to unity. 
The original propositions of Euclid concerning the measurement of 
areas are in a form well fitted to show what is involved here. Taking the 
final step, an angle need not be a pure number as it is usually defined, 
but might be a unit of its own kind. Again we have got rid of the 
dimensions of angle by the experimental facts of geometry. Professor 
E. V. Huntington in some of his writings has treated the angle as a unit 
of its own kind. It is likely, however, that the process of increasing the 
number of units cannot be extended indefinitely to everything with physi- 
cal significance. Many properties of matter, in so far as they are capable 
of quantitative measurements are probably essentially connected with 
the fundamental units by definition; for example, viscosity is force 
per unit area per unit velocity gradient. 

The number of fundamental units is, therefore, largely a matter of 
convenience. We are the more likely to get rid of the unit and the 
corresponding dimensional constant the more common the corresponding 
experimental fact, as in the case when writing area equal to /. The 
hybrid nature of the units we use should be clearly recognized in any 
logical development of the principles underlying the theory of dimen- 
sions. Such a discussion seems never to have been given, but should 
prove useful. 

We return to the argument. The precise manner in which the units 
are fixed by definitions may be determined analytically as follows. 
Write down the dimensional formulas for the five dimensional constants 


specified above. 
G = [G]m“Br, 


c = [clr, 
k = [k]mPte-, 
h = [h)mPr, 


E = (Elem. 
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As already explained, the letters in brackets are pure numbers, and 
their magnitude depends on the choice of units. 

Suppose now that we express the dimensional constants in terms of 
another set of units, m’, 1’, t’, etc. Then we may write: 


= [Gm 1°?) = [Gm Br, 


¢ = [ct = [clr, 
k = [k’]m'lt'0'_ = [k]ml*t-20-, 
h = [h'|m'l?’ = fh] mer, 


= [E’Je’m'1*t! = [Ele-2mBt. 
These formulas are usually used to find the numerical magnitudes of 
the primed numerical factors in terms of the other quantities which are 
supposed to be known. To illustrate, consider the second equation, and 
let us use it to change from cm. and sec. to ft. and min. We have: 
velocity of light in empty space = 3 X 10! cm./sec. 


.0328 ft. ft. 
= 910 — 10 - 
3X1 1/60 min. "Ie xe min. * 
Here [c’] = 5.91 X 10”, /’ = 1 ft., and # = 1 min. 
The formulas may be put to another use; if we assign the unprimed 
units and the numerical magnitudes of the primed and unprimed con- 


stants, we may solve for the primed units. The solution is 


» WW ld\(G 

"= ialia) ie” 

2 _ (td) la, 

= hl ai) [e)"" 

me Hl 1 (G1), 

A’ (ce \tey) 

oe — Hil (Ld (LL) (1G) 
~ ay tm) a si 


ed (ez 

[h’] [c’] \[2’ 

With these equations we can find the magnitude of a new set of units 
in terms of our ordinary units such that the numerical magnitudes of the 
five dimensional constants shall be anything we please. Let us find the 
new set of units for which G is the only dimensional constant that changes 
in value. We have [A] = [h’], [c] = [c’], [Rk] = [k’], and [E] = [EF’). 
Write [G]/[G’] = x. Then l’ = xl, t’ = xt, m’ = x—'m, 0’ = x6, and 
e’ =e. These are precisely Tolman’s transformation equations. 
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This immediately illuminates the whole situation. We have suc- 
ceeded by familiar considerations not at all involving the principle of 
similitude in finding a one parameter family of units which is exactly 
the same as Tolman’s one parameter family deduced by the principle 
of similitude. The theory of dimensions states that because of the 
peculiar relations of the units of this family we may entirely neglect 
dimensional constants and correctly deduce functional relations in all 
those cases in which all the dimensional constants may be completely 
expressed in terms of h, c, k and E. The number of such phenomena is 
very great and includes nearly all which may be made the subject of 
experiment in terrestrial laboratories. For instance, all the dimensional 
constants to be found in Planck’s book on radiation are of this form. 
Tolman’s principle of similitude applies to precisely these cases, the 
manner of application and the results being exactly like those of dimen- 
sional reasoning, but fails when gravitational phenomena are to be 
considered. It would appear, then, that Tolman’s principle contains 
nothing true which cannot be deduced by dimensional reasoning, and 
that when it attempts to go beyond the possibilities of dimensional 
reasoning it leads to incorrect results. The principle of similitude in 
its broadest sense is not compatible with the theory of dimensions. 

One point of significance remains, suggested above. The choice of 
definitions involving only universal properties by which the fundamental 
units are fixed is toalargeextentarbitrary. Planck does not seem to have 
clearly recognized this. Thus instead of using Planck’s constant h we 
might have used the constant of Stefan’s law, u = a@4. We would have 


obtained [a] \— 1k] \* (I \-* /IGl \°,, 
(ie) (ie) 
[a]? \{RF \{c!] 
(2) GEN 
a! = Ks "(i )(; [G) a)” 
7 
= (in) (im) (a “(ay 


[a] \* (lel \* ((4] Ez 


[a]? \fey) NE" 
It is important to notice that the transformation equations, varying 
only G, are exactly as before. I have not, however, been able to find 
any set of definitions which can dispense with the law of gravitation; 
the symbol G appears in all determinations of the units. It may be 
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that this is because I have not searched far enough. If it should turn 
out that the appearance of G is unavoidable, however, this would seem 
to be the only point of real physical significance suggested by the principle 
of similitude. What the precise significance of this might be I have not 
attempted to discover, but we may be sure, in the light of the above, 
that it is not the significance of the principle of similitude as formulated 
by Tolman. 

Dr. D. L. Webster has called to my attention that if the spectrum 
series constant should turn out to be a universal constant we could by 
means of it immediately dispense with G. The best opinion at present 
seems to be, however, that this is not truly a universal constant, but 
may vary several per cent. from element to element.' It is in any 
event interesting to notice that Tolman’s principle does not apply to 
the formulas for spectrum series. 

We may briefly summarize the argument. By purely dimensional 
reasoning we have exactly reproduced Tolman’s transformation equations, 
and have shown that they may be correctly applied in all cases in which 
Tolman has obtained correct results, and that they may not be applied 
in the only admitted case in which the principle of similitude fails. 
The presumption seems overwhelming that the principle of similitude 
contains nothing true not already contained in the theory of dimensions. 


THE JEFFERSON PHYSICAL LABORATORY, 
HARVARD UNIVERSITY, CAMBRIDGE, MAss. 


1H. Konen, Das Leuchten der Gase und Dimpfe, Vieweg, 1913, p. 80. 
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Aeronautics. First Annual Report of the National Advisory Committee for 
Aeronautics, 1915. Washington: Government Printing Office. Pp. 1+303. 


The first twenty pages of this volume of about 300 pages are devoted to a 
formal report of the National Advisory Committee for Aeronautics appointed 
by the President of the United States on April 2, 1915. 

This first portion of the report contains a program of the proposed activities 
of the committee. These are of two classes—the study of certain general 
problems such as stability, speed meters, motors, propellers, etc., and special 
physical problems such as noncorrosive materials, methods of connecting 
truss wires, characteristics of materials of construction, etc. 

A survey is made of the existing facilities for aeronautic investigation in 
government departments such as, The Bureau of Standards, The War De- 
partment, The Navy Department, The Weather Bureau, and the Smithsonian 
Institution and the recommendation is made to the President that these be 
supplemented by the provision and equipment of a flying field together with 
aeroplanes and reliable testing gears for determining the forces acting on full 
sized machines in constrained and free flight. 

By the act establishing the National Advisory Committee for Aeronautics an 
appropriation of $5,000 a year for five years was made immediately available 
—of this the committee expended about $4,000 for the first fiscal year. To 
carry out the work proposed in the program of the committee it is estimated 
that $85,000 will be needed for the next fiscal year. 

Appended to the formal report of the committee are a number of reports on 
specific problems which make very interesting reading for the physicist. In 
particular the seventh report ‘‘ Thermodynamic Efficiency of Present Types of 
Internal Combustion Engines for Aircraft,’’ by Professor Charles E. Lucke, of 
Columbia University, contains a large amount of up-to-date information on 
the various types of engine in frequent use. This report occupies about one 
third of the book and concludes with eminently practical recommendations 
looking towards the acquisition by the government of a suitable standardized 
engine for military aviation purposes. 
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